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PREFACE 

The intent of this book is to supply answers to questions most often asked 
by the circuit design engineer about transistor switching characteristics. En- 
gineering students and senior technicians will also find this book valuable 
because emphasis is placed upon filling the void between transistor theory and 
practical applications. 

In Chapter 1, the fundamental differences between various transistor types 
are explained and the reasons for compromises between certain characteristics 
are discussed. To provide an introductory background, an elementary transistor 
model and the significance of resistivity profiles and geometry are introduced. 
Old-timers in the transistor field as well as the novice should find this treatment 
interesting. 

Chapter 2 is written primarily for those unfamiliar with switching circuits 
and is designed to familiarize them with the differences between various switch- 
ing modes and coupling techniques. 

The dc on and off characteristics of a transistor are fully discussed in 
Chapters 3 and 4. The primary objective here is to equip the circuit designer 
with sufficient background information about transistor principles to enable 
him to obtain limit values of important transistor characteristics from a stand- 
ard data sheet. 

The transient characteristics of transistors are developed in Chapter 5 
using a charge control viewpoint which proves to be a powerful tool for 
simplifying the presentation. Discrepancies between measured switching times 
and those computed from standard formulas are illustrated and discussed in 
this chapter. 

Chapter 6 is designed to make reliability — • which is often a vague term — 
meaningful to the circuit designer. Methods of enhancing overall system relia- 
bility by proper circuit design are discussed. 

A unique feature of this book is the worst-case design procedures and 
illustrated examples in Chapter 7. The synthesis techniques developed not only 
provide a "cook book" method for building standard "workhorse" circuits, 
but also illustrate the type of thinking which is required to make a paper de- 
sign actually meet performance specifications. 

Chapters 8 and 9 illustrate many of the features and performance charac- 
teristics which can be obtained by operation in the current mode or avalanche 
mode. 

If this book enables you to do your job better, or improves your under- 
standing of transistors, it has fulfilled its purpose. 
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c 

c 

C Tc 
C"Te 

dc 
e 

ei 



Description 

Measured breakdown 
voltage, collector to base, 
emitter open 

Measured breakdown 
voltage, collector to 
emitter, base open 

Measured breakdown 
voltage, collector to 
emitter, with specified 
resistance between base 
and emitter 

Measured breakdown 
voltage, collector to 
emitter, with specified 
circuit from base to 
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Incremental avalanche 
capacitance 

Transistor diffusion 
capacitance 

Effective collector-base 
feedback capacitance 

Transistor input 
capacitance (common 
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Coupling capacitor 
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Stray capacitance 
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Transistor transition 
capacitance 

Collector transition 
capacitance 

Emitter transition 
capacitance 

Direct current 
Naperian base 2.718 
Input voltage (variable) 



Symbol Description 

e Output voltage (variable) 



Ei 


dc level which turns on a 




current mode transistor 




circuit 


E 


dc level which turns off a 
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Error function 


fr 
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Fall time factor 
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dc forward current 


transfer ratio (common 
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Base current (dc) 
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Base current 
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Base leakage current 
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Ibi 
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Time variable excess 
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Bulk Collector cutoff 
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Collector cutoff current, 
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due to diffusion 

Collector current with 
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Collector injected current 

Collector charge 
generation current 
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Description 
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Collector leakage current 


mv 


millivolt (ac) 
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Collector surface leakage 
current 
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Millivolt (dc) 






mW 


milliwatt (dc) 
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Bulk diffusion current or 








reverse saturation current 


n 


Exponent describing 


Id 


Forward Diode Current 




depletion layer behavior 






n P 


Power supply tolerance 


*DZ 


Zener diode current 








IIt. 


Resistor tolerance 


Ie 


Emitter current (dc) 


X± R 




•e 


Emitter current 
(instantaneous) 


N Ratio of l + n R Resistance 
jNr i , — — To erance 
tolerances l _ n R Modifjer 


Iebo 


Emitter cutoff current, 
collector open 


nS 


Nanosecond (10- 9 Seconds) 


Ied 


Emitter reverse current 


pC 


Pico-coulombs 


due to diffusion 


Po 


Transistor collector 


Ief 


Emitter injected current 




dissipation 


Ieg 


Emitter charge generation 


Pd 


Power dissipation 




current 


pF 


Pico-farad 


Ir-T 


Emitter leakage current 






■'EL 




q 


Electron charge =: 


Ies 


Emitter surface leakage 




1.6 x 10"" coulomb 




current 


Q 


Charge 


I™ 


Forward current (dc) 






X F 




q a 


Active base charge, time 


Ig 


Charge generation current 




variable 


Ik 


Input current 


Qa 


Total active charge 
required by the transistor 


Ip 


Peak current 




for l c to reach 90% of its 
final value 


Ir 


Reverse current 


Qi 


Charge required to 
supply l c 


Is 


Surface leakage current 










QOB 


Off bias charge stored in 


Io 


Load current in "0" state 




both junctions 


II 


Load current in "1" state 


Qr 


Recombination charge 


k 


Boltzmann's constant 
= 8.63 10-s ev /°K 


Qs 


Total stored charge 






Qt 


Total control charge 


m 


Empirical determined 








avalanche constant 


Qv 


C ob charge 


M 


Avalanche multiplication 


q* 


Excess base charge, time 




factor 


variable 


ma 


milliamp (ac) 


Qx 


Excess stored charge 


mA 


milliamp (dc) 


R 


Rise time factor 



Vlll 



Symbol 



r' B 

Rb 
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Re 
R'o 
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Rk 

Rl 
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Rs 
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S B 
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t 
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T D 
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Description 

Avalanche resistance 

Bulk base resistance 

Internal base spreading 
resistance 

External base resistor 

Bulk collector resistance 

External collector resistor 

Equivalent to R c and R L in 
parallel 

AC emitter resistance 

External emitter resistor 

Transistor bulk emitter 
resistance 

Effective bulk collector to 
emitter saturation 
resistance 
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resistor 

Load resistor 

Surface resistance, 
base-emitter junction 

Source resistance 

Store 

Base store 

Collector store 

Collector saturation 
voltage (Vce,,,,.,) 

Time 

Absolute temperature 

Ambient temperature 

Delay time 

Pulse duration 

Fall time 

Junction temperature 

Turn-off time 

Turn-on time 



Symbol 

t r 

T R 

t. 
tt 

V 

Vx 
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V C B 

V C c 
V CE 

*CE(sat) 

v D 
v EB 

V EE 
v F 

V F 

Vi 

V K 

V« M 
VqB 

v P 

V PT 



Description 

Rise time 

Recovery time 

Storage time 

Total switching time 

Low output voltage level 
(near ground) 

High output voltage level 

Avalanche breakdown 
voltage 

Base-emitter voltage (dc) 

Capacitance voltage, time 
variable 

Voltage, collector to 
base (dc) 

Collector supply voltage 

Collector to emitter 
voltage (dc) 

Collector to emitter 
saturation voltage (SV CE ) 

Forward diode drop 
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Emitter supply voltage 

Forward voltage 

Final voltage 

Voltage input pulse, 
time dependent 

Initial voltage 

Clamp diode voltage supply 

Collector-emitter 
breakdown voltage where 
<*M = 1 

Reverse base bias voltage 

Projected offset voltage 

Punch-through voltage 

Reverse voltage 

Forward voltage at 
threshold of conduction 
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Vt, r Base supply voltage V T „ Reverse threshold voltage 



, BB ™,, r , ,»>. 6I v TR 



v BE Time dependent total value x m Depletion layer thickness 

of base-emitter voltage 
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/3 F ~ = Current gam in saturation region 

/3 FS A specified value of /? F which will provide a sufficient 
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p y- = Current gain at edge of saturation 
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y Ratio of current through collector resistor for a zero 
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^ (Delta) indicates a small change in the variable with 

which it is associated 

0j Thermal resistance 

0vb Temperature coefficient of base-emitter saturation voltage 

6y C Temperature coefficient of collector-emitter 

saturation voltage 

p Material resistivity 

T Lifetime or time constant 

T a Active base charge lifetime 



T A Active region time constant, describing 

time response to 90% point 

T RS Effective time constant of excess carriers 
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T L Load time constant 

T x Excess base charge lifetime 
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Collector-emitter offset voltage 
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Special 
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CHAPTER 1 

Effects of Transistor Construction 
on Electrical Characteristics 



Since the introduction of the earliest transistor in 1948 there have been 
numerous breakthroughs in the basic knowledge of the physics, chemistry, and 
mechanics of transistor design. The earliest transistors, barely able to amplify 
and acting as very crude switches, have evolved into a line of devices whose 
inherent capabilities, in some instances, have outstripped even the circuits tech- 
nology of the equipment in which they are employed. And in the process, the 
transistor has undergone such drastic changes that today's units bear little in- 
ternal resemblance to their early predecessors. 

From a circuit designer's viewpoint, the transistor can usually be treated as 
a proverbial "black box" whose input and output characteristics, as specified on 
data sheets, permit them to be designed into specific circuits. The electrical char- 
acteristics alone, however, do not tell the whole story. An understanding of the 
physical properties of such devices can be extremely valuable in the selection of 
transistors best suited for specific applications. A general acquaintance with the 
various kinds of transistors and their fabrication techniques could reveal inherent 
differences in ruggedness and fundamental differences in electrical characteristics 
which would make a particular transistor type superior to all others for specific 
applications. 

1-1 —The Ideal Switch 

A theoretically perfect switch is a device which has no power loss when used 
for the purpose of interrupting current through a load and one which can change 
its state, say from the on to the off condition, in zero time. 

This rather simple definition has some far-reaching implications. It requires, 
for example, that in the closed position the switch must have no voltage drop 
across its terminals. In the open position, the switch must cut off all current flow 
through the load. And, finally, the repetitive cycling speed must be infinite, cor- 
responding to zero time delay between one switch setting and the other. 

Although a switch meeting the above criteria would be ideal as far as the 

load is concerned, actuation of the switch will require the expenditure of energy. 

The human is naturally more pleased when the energy expended is small, but some 

small finite amount should be required. Otherwise every stray signal would cause 

the switch to react producing a chaotic situation. Thus, a high but finite power 

gain is desirable 

power switched „ 

(power gain = : ) . 

actuating power 
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The perfect switch, of course, remains still to be invented. Mechanical 
switches and solenoid relays, while closely approaching the first two criteria, 
cannot hope to meet the switching-speed requirements of today's applications. 
Mercury relays, while capable of extremely fast switching from one condition to 
another, have a relatively slow repetition rate. Vacuum tubes, while they ap- 
proach the ideal switch in the off position and can operate at relatively high 
repetition rates, are severely limited by a high voltage drop in the on condition. 
This loss, coupled with the large power loss in the heater, limits the usefulness of 
these devices in modern applications. Transistors, though they fall far short of 
perfection, represent the best available components for switching applications, 
especially in high-speed equipment. 

1 -2 — Basic Transistor Limitations 

The switching capabilities of a transistor stem from the capability of the 
device to rapidly change the dc resistance between its output terminals, the col- 
lector and emitter, from a very high to a very low value, in response to a small 
current injected into the control (base) terminal. 

A simplified schematic of a basic transistor switching circuit is shown in 
Figure 1-1. A voltage pulse (Vj) applied to the input terminal causes a current 
flow (i B ) through the base resistance (R K ) which in turn reduces the collector- 
emitter resistance to a very low value and permits a large current flow (i c ) from 
the battery through the load. If the input voltage is removed, the reverse bias 
voltage (V 0B ) causes the collector-emitter resistance to increase greatly, and 
significantly reduces the load current. 




Figure 1-1 — Basic Transistor Switching Circuit 



Transistor limitations, with respect to a perfect switch, can easily be de- 
termined from the graph in Figure l-2a, which shows the collector current and 
voltage relationships for various values of base current, and from the waveform 
shown in Figure 1 -2b. When a load line is drawn on the graph, it is obvious that 
under conditions where the base current is zero, a small amount of collector cur- 
rent still flows in the circuit. This residual current, called leakage current, prevents 
full cut-off of load current and is one characteristic which keeps the transistor 
from simulating the off condition of a perfect switch. 
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Figure l-2a — Transistor dc Output Characteristic 



Although leakage current can never be entirely eliminated, application of 
reverse bias can reduce its value to approximately that of I CB0 (see Chapter 3) 
which is generally negligibly small in comparison with the load current. 

To simulate a perfect switch in the on position, the voltage drop across the 
transistor collector-emitter junction should be zero when a base driving signal 
is applied. As shown in Figure l-2a, this condition can never be achieved en- 
tirely although it can be approached within a few millivolts. The residual on 
voltage drop across the collector-emitter terminals is called collector saturation 
voltage, (V CE(sat) or SV CE ). (See Chapter 4). 

There are two situations in which an electronic device may have a zero 
power input requirement yet still require a finite control signal. If the input 
impedance is infinite, a voltage is required for control. If the input impedance is 
zero, a current is required for control. In each case, zero input power is required. 
The vacuum tube having a very high input impedance and the transistor having 
a very low input impedance approach the requirement for zero input power. 

Because of its low input impedance, the transistor is actuated by a current. 
Its current gain is a significant characteristic and is defined as 



= I c /I„ 



(1-D 



From the family of curves in Figure l-2a, note that for any given base cur- 
rent curve the collector current is larger by a factor of 100, .'./}= 100. 

Up to this point, only the steady state or dc characteristics that prevent a 
transistor from duplicating a perfect switch have been discussed. Of equal im- 
portance, are the dynamic or transient characteristics which affect switching 
speed. The transient limitations are illustrated in Figure l-2b. 

As illustrated by the waveforms, the collector current (the output wave- 
form) does not respond immediately to changes in the input signal. At time (t ), 
the input signal rises instantaneously to its maximum value. At this instant, the 
transistor is in the off condition because of the reverse bias (V 0B ). The collector 



Effects of Transistor Construction on Electrical Characteristics 




OUTPUT 



Figure 1-2b — Transistor Output Waveform 



current does not begin to increase until time (t x ) . The interval between t and 
t t is called the delay time (t d ) and is defined as the time required to bring the 
transistor from the initial off condition to the edge of conduction. At time t,, 
the operating point of the transistor is at the beginning of the active region and 
the collector current starts to increase toward its saturation value. However, it 
does not reach its maximum value until time t 2 . The interval between t x and U is 
defined as the rise time (t r ) of the collector current. The sum (t a -|- t r ) is called 
turn on time, t on . 

The transistor will remain in the on state as long as the input signal is main- 
tained. At time t 3 the input signal drops instantly, but it is observed that the col- 
lector current does not respond until time t 4 . The time interval between t 3 and t 4 
is referred to as the storage time (t s ). Finally, at time t 4 , the transistor comes 
out of saturation and the collector current falls to its off value at time t 5 . The 
interval of time between t 4 and t 5 , is defined as the fall time (t f ). The sum 
(t s -\- t ( ) is called turn-off time, t of( . 

The delays in the response of the collector current to changes in the input 
signal are attributed to various inherent transistor capacitances. These capaci- 
tances are discussed thoroughly later in this chapter. 

In summary, the factors that prevent a transistor from duplicating an ideal 
switch are: 

1 . A residual leakage current when the transistor is off. 

2. A residual collector-emitter saturation voltage when the transistor is on. 

3. Time delays involved in the response of collector current to changes in 
the input signal. 



1-3 — Basic Transistor Physics and Characteristics 

In order to evaluate the effects of transistor physical characteristics upon 
the electrical characteristics of the devices, a basic understanding of transistor 
physics is required. 
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An ideal PN junction diode can be defined as a diode which has no re- 
active components and follows the voltage-current relationship, predicted by 
the simple first order theory as developed by Shockley? This relationship is 
expressed by the following equations: 



I„ 



al 

: I R (e kT 



1) 



(l-2a) 



V: 



^ln(l + i) 



(l-2b) 



where I F = forward junction current 

I R = reverse junction current 

kT 

— = a common semiconductor constant which equals 26 mV at 27 "C 

q 

V = voltage across the junction 

A plot of these ideal diode characteristics is shown in Figure 1-3. The graph 
shows that any reverse voltage (V E )( in excess of a few tenths of a volt) pro- 
duces a small reverse current which remains constant. When a forward voltage 
(V F ) is applied, the forward current (I F ) increases exponentially. 

In order to create a diode having a low forward drop and a high reverse 
voltage capability, it is necessary for the semiconductor layer on one side of the 
junction to be highly doped with impurities (low resistivity) and the opposite 
layer to have high resistivity corresponding to a low doping level. If the P-region 
is more heavily doped with impurities than the N-region, it will have the greater 
number of current carriers, and becomes the emitter. In this instance, when a 
forward voltage is applied to the junction, the forward current consists mainly 
of holes that are injected from the P-region (where they are plentiful) into the 
N-region. In addition, there exists a small current flow of electrons from the 
lightly doped N-region into the P-layer. 




Figure 1-3 — Ideal Diode Characteristics 

5 
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When the junction is reverse biased, a depletion layer is produced principally 
in the high resistivity side of the junction. That is, in order to preserve charge 
neutrality under the reverse-bias condition, the excess charges (holes in the 
P-region, electrons in the N-region) move away from the junction, leaving ex- 
posed ions in a region near the junction. Thus, this region is depleted of mobile 
carriers. 

The reverse current (I R ) consists mainly of those minority carriers (holes) 
in the N-region which are close enough to the junction to be swept across by the 
electric field. 

A transistor can be considered as two diodes of the same type connected 
back-to-back, with a narrow common region (the base) separating the two 
"emitters." When both junctions are reverse biased, the transistor behaves much 
like two reverse biased diodes and the sum of the reverse currents flows out of 
the base terminal. When both junctions are forward biased, the sum of the 
forward currents flows out of the base. When one junction is reverse biased and 
the other forward biased, normal transistor action occurs and the device is said 
to be operating in the active region. 

In a PNP transistor, where the principal carriers are holes, a forward biased 
emitter injects holes into the base where some will recombine with the electrons. 
However, most of the injected holes reach the collector depletion layer where they 
are swept to the collector by the negative collector potential. The ratio of the 
emitter current (I E ) to collector current (I c ) is called a N . the common base cur- 
rent transfer ratio in the normal connection. 

To reduce recombination of holes with electrons in the base, it should be 
evident that the base must be narrow. Also, since the base emits electrons to the 
emitter, it is necessary to have the resistivity of the base high (low doping) so 
that the source of electrons is small. These two electron currents, i.e. electron 
current due to recombination and due to base injection, flow through the base 
region and the ratio of collector current (J c ) to base current (I B ) is the common 
emitter current gain. (j3). By definition, the ideal transistor then fulfills these 
criteria: (1) terminal voltages and currents are given by equation 1-2 for both 
junctions forward biased or both reverse biased, (2) when one junction is forward 
biased and the other reversed biased, equation 1-2 applies to only the forward 
biased junction. The current out of the reversed biased junction is governed by 
the current transfer ratio. 
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Figure 1-4 — Two-Diode Ideal Transistor Model 
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From the above discussion, it is evident that a transistor can be represented 
with the model shown in Figure 1-4 where the current generators represent the 
fraction of injected current that passes through the base. By applying the reason- 
ing previously given, one could deduce that the equations governing the currents 
are:* 

Ic = «nIef " Icf (1-3) 

Ie =lEF-aiIcF (1-4) 

Where I E = the emitter terminal current 

I EF = the current injected from the emitter 
«i = Inverted or reverse a (fraction of I CF reaching emitter) 
I CF = the current injected from the collector 
I c = the collector terminal current 

ax = normal or forward a (fraction of I EF reaching collector). 
The terminal voltages may found by: 



_kTln(l+I EF ) 

VPR 



' EB 



q I 



(1-5) 



R 



__kTln(l+I CF ) 

V CB — ~p- • (1-0) 

In the normal connection, the base-emitter junction is forward biased and 
equation 1-5 describes V EB ; when the collector is reverse biased, equation 1-3 
describes the collector current. For the inverted connection (the function of the 
emitter and the collector are interchanged) the collector-base is forward biased 
and equation 1-6 describes V CB . When the emitter is reverse biased, equation 1-4 
describes the emitter current. If both junctions become forward biased, the tran- 
sistor is in saturation and all four equations apply. 

As an example of saturation behavior, assume that a transistor is made 
from two identical diodes, then a N - = a\. Assume that a, = a s = .95, I R = 
IjuA, I ( . = 10 mA, I E = 11 raA. Using the developed relations it is found 
that I EF = 15.4 mA and I CF = 4.6 mA, V EB = .25 volt and V CB = .22 volt. 
The voltage from collector to emitter (SV CE ) is V EB — V CB = .03 volt. The base 
current is I E - I c = 1 mA. Thus, it is seen that when a transistor is used in the 
common-emitter configuration, the output or saturation voltage is less than the 
input voltage V EB . This saturation voltage is so small that it is convenient, and 
not too inaccurate, to think of a saturated transistor as a short circuit. The volt- 
age V EB is also low, varying from 0.2 to 0.5 volt for germanium and 0.5 to 
0.8 volt for silicon for the usual range of collector currents. (I R is several orders 
of magnitude lower for silicon devices which accounts for the higher values of 
V EB ). 



♦Exact relations as given by Ebers & Moll will be discussed fully in later chapters. For purposes of 
this chapter this intuitive approach will suffice. 
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Returning again to the diode, as reverse voltage is raised, current increases 
without limit as a voltage called the avalanche breakdown voltage (V B ) is ap- 
proached. The higher the resistivity of the high-resistivity side, the higher the 
avalanche breakdown voltage. Avalanche breakdown is attributed to the fact that 
the high field across a reverse biased junction accelerates any moving particle, 
which, if moving fast enough, may have sufficient energy to free additional 
particles by collision with atoms. This results in a multiplication of carriers 
which proceeds at an extremely high rate at the breakdown voltage. 

Another effect of reverse bias results from oppositely charged particles 
being close to each other at the junction. This results in a capacitive effect (tran- 
sition capacitance) similar to that of a parallel-plate capacitor. Higher resis- 
tivity materials result in a wider depletion layer at a given voltage and thus have 
a lower capacitance per unit area. 

Therefore, the undesirable effects of avalanche breakdown and transition 
capacitance are reduced as resistivity is increased. However, these characteristics 
are improved at the expense of the forward characteristics. 

The passage of current through a diode will produce additional voltage drops 
across the bulk resistivity. This resistance is given by the familiar: 



R= P l 



(1-7) 



where p = resistivity of material 

1 = length 
A = area 

It is apparent that the voltage drop across a high resistivity region can add 
a voltage which is considerably larger than that predicted by the ideal diode 
formula. (Equation 1-2) 

Another important mechanism is charge storage. When a forward current 
is flowing, a carrier gradient is produced in the high resistivity side of a junction 
resulting in a storage of charge. If the source of forward bias is suddenly changed 
to a reverse bias, this stored charge maintains the current flow until the charge 
is depleted. Thus, the phenomenon of storage or recovery time is another de- 
parture from an ideal diode. The storage time becomes less of a problem as 
forward current is reduced, because the gradient producing these excess carriers 
is less resulting in less stored charge. Also, an increase of reverse bias will hasten 
the depletion of this stored charge. Making diodes from materials having a low 
lifetime (time that an isolated charge can exist before recombination) results in 
less stored charge. 

These various effects (resistance, capacitance, voltage breakdown and 
storage) can be added to the ideal diode as external elements to get the equivalent 
circuit shown in Figure 1-5. 

The diode, which follows equation 1-2, is given the avalanche or zener 
symbol as a reminder that it has a voltage limit V B . The capacitance represents 
the transition capacitance (C T ). Remember that C T decreases and V B increases 
with increases in resistivity. The series resistance (r), however, is proportional 
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Figure 1-5 — Equivalent Circuit of a Diode 



to resistivity. The store (S) represents an infinite capacitor, in a sense, because 
during storage time current flows but the diode voltage remains essentially con- 
stant. The switch indicates that the store is present only after current flows and 
is disconnected at the end of the storage time interval. It is as if instructions were 
given to the carriers — first one in — turn on the switch — last one out — turn 
it off! In general, increases in resistivity cause increases in the effective storage 
capacitance (S) since carrier lifetime increases with resistivity. This is because 
low resistivity material has more impurities and hence, more recombination cen- 
ters. A wide high-resistivity region would also increase S since the volume avail- 
able for storage is larger. 

Returning to the two-diode transistor analogy, (Figure 1-4) external ele- 
ments of a single diode also apply to the transistor model, but additional elements 
are added due to transistor action, as shown in Figure 1-6. This model will be 
used to illustrate the effects of all these non-ideal elements upon the on, off, and 
transient states of a transistor switch. The transistor symbol now represents two 
ideal diodes connected back-to-back by means of a common narrow base region. 
The resulting device exhibits constant current gain (/?). The undesirable elements 
are shown external to the ideal transistor. 




W\ o e 



Figure 1-6 — Equivalent Circuit of a Transistor 

One of these additional elements is the diffusion capacitance C De . This 
capacitance accounts for the time delay experienced by carriers as they travel 
through the base enroute from emitter to collector. The value of C De is reduced 
as the base width is decreased. 

Another element peculiar to the transistor is the "base spreading-resistance" 
r' B .* This additional resistance becomes important because it produces a voltage 
drop as the base current flows out from the transistor through the narrow base 
region. This transverse voltage drop is responsible for a number of transistor 
problems. 

*The term "base-spreading" resistance was "coined" to describe the base 
resistance of alloy transistors. The base of alloy transistors "spreads out" from 
the center of the junction to the periphery of the transistor. 
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Figure 1-7 — Transistor Output Characteristics Near Cutoff 

Figure 1-7 shows the output characteristics of a transistor in the low cur- 
rent region near the off point which is referred to as the cutoff region. Notice 
that collector current can never be entirely eliminated, but that application of a 
reverse bias can reduce its value to approximately that of the collector-base 
junction leakage current* which is generally negligible in comparison with 
the load current. 

Note also that the application of reverse base current reduces the conduc- 
tance as well as the collector leakage current. Thus, in the off condition, the 
resistance between the collector and emitter terminals is not infinite but is very 
large. The maximum amount of collector voltage, that can be applied to a tran- 
sistor in the off state, is limited by the avalanche breakdown voltage of the col- 
lector-base junction as indicated by a rapid increase in collector current as this 
voltage is approached. 

In the on condition the various voltage drops, caused by current flow through 
the internal resistances of the transistor, prevent the device from duplicating 
a perfect switch. As shown in Figure 1-8, which illustrates the dc current flow 
of an alloy transistor, the emitter current flows through the emitter, base, and 
collector regions and any resistance in these regions will produce voltage drops. 

LEAD, I, 




Figure 1-8 — dc Current Flow in an Alloy Transistor 

*Icbo — see Chapter 3 for particulars. 

10 



Effects of Transistor Construction on Electrical Characteristics 



The base current is flowing transverse to the emitter current and produces 
a voltage drop on its way to the base contact. This drop, accounted for by r' B , 
not only adds to the base terminal voltage, but the polarity of this voltage is such 
that it adds to the forward bias at the edge of the emitter, which tends to con- 
centrate the emitter current near the emitter edge. As a result the emitter per- 
imeter becomes more important than the area as a factor in determining current 
capability, and gain, at high currents. Mathematically, it is difficult to express r',„ 
but it should be apparent from Figure 1 -8 that a wide, low-resistivity base region 
is needed to make r' B low. However, the effect of r' B upon switching speeds is 
significant only when a transistor is used near its switching speed limit. It is not 
usually detrimental in the majority of switching circuits, and low values of r' B are 
usually sacrificed to improve other characteristics such as C De and emitter break- 
down voltage. 

There is a voltage drop in the base caused by the current flow which drops 
from I E at the emitter junction to «I E at the collector junction as a result of re- 
combination and base injection. It is convenient to lump the voltage drop from 
collector to emitter into just two components I K r E and I c r c . However, since \ v 
and I K are approximately equal, the bulk voltage drop from collector to emitter 
can be simply expressed as I C R F , where R t - is the sum of the resistances from 
collector to emitter and is defined as the effective collector to emitter saturation 
resistance. 

The expanded graph in Figure 1-9 shows the transistor characteristics in 
the saturation region representing the on condition of the switch. At any on 
point, a small amount of voltage is still present across the collector-emitter ter- 
minals. This is a result of voltage drops across the effective bulk resistance (R F ) 
plus a small collector-emitter voltage which is always present while a transistor 
is in operation. Notice that all the characteristic curves do not converge at zero 
but rather at some small offset voltage (<f> r ). Also, note that under conditions of 
heavy base drive, (I B > > l c //3) a nearly linear relationship between changes in 
I c and V CE is evident. This slope is 1/R F . A line has been drawn on Figure 1-9 
connecting the points where each base current line intersects a collector current 
line that is a given multiple of the base current. The resulting line also has a slope 
equal to 1 /R F but intersects the abscissa at an effective offset voltage (Vp), which 
is much larger than the offset voltage (<£ r ) when I c is zero. 

The voltage (V P ) is the voltage difference between the two forward biased 
diodes of the ideal transistor as discussed in conjunction with the model of 
Figure 1-4. That is, V L . is the theoretical collector-emitter saturation voltage 
of the ideal transistor which is a function of the ratio of I c to I B . This volt- 
age* is small and does not differ greatly for different transistor types under 
identical drive conditions. However, R K , which is due to the bulk resistances, 
differs greatly from type to type and will be considered as the various processes 
are discussed. Thus, the transistor does not exhibit a total short in the on con- 
dition but has a small finite resistance and an offset voltage. 



*The Ebers-Moll on voltage 
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Figure 1-9 — Transistor Output Characteristics Near Saturation 




Figure 1-10 — Switching Wave Forms 
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The transient response, illustrated in Figure 1-10, can now be examined 
in greater detail. When the transistor is in the off state, it appears to the input 
circuit only as a capacitance which consists of C Tc and C Te in parallel (see Figure 
1-6). These capacitors are charged by the reverse bias (V 0B ) and, before the 
transistor can be turned on, this charge must be removed. The time required 
for the input signal to change the base voltage from the reverse bias condition 
to a voltage at the threshold of conduction constitutes delay time (t (1 ). 

Delay time (t (1 ) increases with the magnitude of V 0B and the values of 
C Tc or C Te . It is inversely proportional to the magnitude of the turn-on current 

(Ibi). 

As emitter current begins to flow, two additional effects occur. The diffu- 
sion capacitance (C Do ), which is proportional to emitter current, increases and 
the collector transition capacitance (C Tt .) feeds back a current from collector 
to the base. This feedback current is proportional to the voltage gain from B' to 
C and may be quite large. 

All three capacitances (C De , C Te and C Tc ) influence rise time (t r ). The rise 
time is the time required for the collector current to reach its limiting value, 
approximately V CC /R L . 

To further explain storage time, recall that in the diode, the stores accumu- 
lated a charge whenever the diode was forward biased. In the case of the tran- 
sistor, however, the stores do not accumulate a charge unless the transistor is 
driven into saturation because the reverse bias across the collector junction pro- 
vides a field that sweeps out the carriers if the forward bias on the base-emitter 
junction is removed. When the transistor is driven into saturation, the stores 
accumulate a charge because no reverse bias is present. The deeper the transistor 
is driven into saturation, the more charges are accumulated in the stores. The 
turn-off delay (storage time) is the time required to deplete the stores. Depletion 
is hastened by increasing the reverse drive voltage, thus allowing a larger reverse- 
current flow. Note, in Figure 1-10, that the transistor currents and voltages are 
nearly constant during the storage time interval. 

Depletion of the stores initiates the fall time portion of the switching cycle. 
Fall time can be reduced by the injection of a reverse current into the transistor 
base, which speeds up the process of discharging the capacitances. During the 
fall-time interval the base voltage and current remain nearly constant until the 
collector current is completely shut off. The transition capacitances, then, are 
charged to V 0B . 

From the discussion so far, it becomes clear that in any transistor design, a 
number of compromises are necessary. A change in a particular physical property 
can improve one electrical characteristic but may have a detrimental effect on 
another. A brief summary of some of these interrelations is given in Table 1-1, and 
these will be discussed in greater detail as each transistor fabrication process is 
considered. 
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TABLE 1-1 



Change 


Increase 


Decrease 


Switching Speed 
Effect 


Decrease Emitter 
Resistivity 





r E (decrease SV CE ) 





Increase Base 
Resistivity 


3 

V, (emitter and 

collector junction) 

r'n 

S„ 

r E and r c 


V PT 

Cre 


Increase storage time, small 
increase in other intervals due 
to r' B 


Increase Collector 
Resistivity 


V e (collector) 

Sc 

r c (increase SV CE ) 


C Tc 


Increase storage time, small 
decrease in other 
intervals 


Decrease Base 
Width 


/3 


s b 

Vpt 

r E and r c 


Decrease rise time 
Decrease fall time 
Decrease storage time 



1 -4 — Comparison of Transistor Types 

The physical geometry of a device and the type and quantity of impurities 
in the semiconductor crystal are the basic considerations that influence the elec- 
trical characteristics of any transistor. Therefore, to compare transistors, it is 
convenient to discuss the transistor in terms of its geometry and the resistivity 
of its emitter, base, and collector regions. 

Many characteristics of the device are directly related to its geometry. The 
base width, for example, affects gain (/?), the diffusion capacitance (C De ) and base- 
spreading resistance (r' B ). The area of the junction affects the transition capaci- 
tances (C Tp and C T( .) and emitter and collector resistance (r E and r c ). 
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Figure 1-1 1 — Star Transistor Geometry 
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An example of how geometry can be utilized to attain improved character- 
istics is the "Star" transistor illustrated in Figure 1-11. Since high current capa- 
bility requires a large emitter perimeter which in turn means higher capacitances 
and slower rise time, a compromise is required when determining the emitter 
area in devices where the emitter shape is fixed. However, in the mesa, planar, 
and annular transistors, the emitter can be shaped to provide necessary periph- 
ery for high gain at high currents without too great a sacrifice in rise time. The 
star geometry has a much smaller ratio of area to perimeter than that of a circle, 
for example. 

In addition to the geometry effects, the electrical characteristics are also 
closely related to the resistivity or conductivity of the emitter, base and collector 
regions. This relationship can be conveniently illustrated using a resistivity profile 
diagram, which is a sketch of the resistivity of the transistor from the emitter, 
through the base region, and into the collector. The resistivity profile for an alloy 
transistor is shown in Figure 1-12. 

The resistivity of the emitter and collector is indicated above the reference 
line. The farther away from the reference line the lower the resistivity. The base 
region is of oppositely doped material, therefore, it is shown below the reference 
line. Likewise, the farther below the reference line, the lower the base resistivity. 

Figure 1-12 also shows that the base region of an alloy transistor has the 
same resistivity at both the emitter and collector junctions. Thus, the impurity 
distribution is uniform throughout the base region. A transistor, with this type 
of base region, is commonly referred to as a uniform base, or step junction 
transistor. 

However, transistors can be made with a non-uniform distribution of im- 
purities in the base, so that the base resistivity can be considerably different at 
the two junctions. The distribution of impurities in the base can be graded, and 
such transistors are known as graded base devices. Since they are made by a 
diffusion process, they are commonly referred to as diffused base transistors. 

EMITTER COLLECTOR 



REFERENCE 



Figure 1-12 — Resistivity Profile for an Alloy Transistor 

Resistivity levels and the impurity distribution affect breakdown voltage, 
gain, response times, capacitance per unit area, and resistance per unit area. 
Figure 1-13 shows the effect of pivoting the base resistivity upon the electrical 
characteristics of a transistor. The changes indicated are in relationship to the 
alloy transistor. 
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Figure 1-13 — Effect of Pivoting Base Resistivity Upon Transistor Characteristics 
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The resistivity profiles of several modern transistors are shown in Figure 
1-14. This chart of resistivity profiles will be used in the following comparison of 
transistor types. In order to compare the effects of resistivity profiles on transistor 
characteristics, the following three principles of transistor physics should be kept 
in mind: 

1 . The amount of carriers injected from the base to the emitter is propor- 
tional to the ratio of resistivity of the emitter to that of the base. To 
reduce this undesired injection, which lowers current gain (J3), emitters 
are always heavily doped and the contribution of the emitter resistivity 
to r E is low. 

2. Avalanche voltage breakdown increases and the transition capacitance 
per unit area decreases as resistivity increases and these characteristics are 
affected by the "slope" of the profile at the junction. 

3. The depletion layer (x m ) extends principally into the high resistivity side 
of the junction. At a given voltage, the depletion layer is wider for high 
resistivity material. 
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Figure 1-14 — Resistivity Profile Chart 
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ALLOY TRANSISTORS: The fabrication of alloy transistors, like that of all 
other transistors, begins with the drawing of a single crystal from a semiconductor 
melt. The entire crystal is lightly doped during the growing process resulting in a 
high-resistivity N or P-type material. The crystal is then sectioned or "diced"' into 
squares with dimensions about '/s-inch square and approximately 0.01 inch thick. 
Each of these squares or dice represents the base region of a transistor. 

To form PNP germanium transistors, N-type germanium dice are heated 
and small round dots of indium, containing aluminum or gallium, are melted 
against both sides of the base substrates. These alloy into the germanium to form 
a saturated liquid solution on both sides of the base. Then, as the assembly cools, 
the germanium refreezes onto the surface of the base crystal. The recrystallized 
layers, however, are heavily doped (low resistivity) with P-type material, thus 
forming a PN junction on each side of the base. 

Some advantages of the alloy process are high gain, low saturation resistance, 
and high avalanche voltage breakdown. Gain, and the breakdown voltage of 
both junctions is high because of the lightly doped base region; saturation resist- 
ance is usually low, because the heavily doped collector region has low resistance 
per unit area. 

A major disadvantage of the alloy transistor is its susceptibility to "punch- 
through". Punch-through results from the spreading of the depletion layer into 
the high resistivity base region as the reverse voltage across the collector-base 
junction is increased. In effect, this causes base width to decrease as voltage in- 
creases. At the punch-through voltage (V FT ) the effective base width is reduced 
to zero as the collector depletion layer reaches the emitter region, and the base 
is effectively short circuited. Once base resistivity has been optimized the voltage 
at which punch-through occurs can be increased, but only by increasing the 
physical base width with its attendant detrimental increase in C Dl , (diffusion 
capacitance) and S B (base store). 

A second disadvantage of the simple alloy process is its lack of precise con- 
trol. Because alloying depth is somewhat irregular, transistors of the same type 
often vary considerably in the values of C Dc , S B and V rT . Furthermore, the 
irregular alloying depth prevents the design of transistors with the extremely 
narrow base widths needed for high speed switching. In general, the switching 
rate of alloy units is limited to about 500 kc. 

Significant improvements in base-width control of simple alloy devices can 
be achieved by electrochemically etching a deep pit for the collector and a shallow 
pit for the emitter into the base region prior to alloying. With this process, the 
base thickness can be controlled to within one ten-thousandth of an inch through 
the use of light transmission during the etching operation. Very thin layers of 
indium, or similar materials, are plated to the bottom of these pits and alloyed 
into the base with a very shallow penetration. 

Transistors made with this process (referred to as the micro-alloy transistor), 
have an extremely thin base layer with a corresponding improvement of switching 
time. Although there is a slight increase in base resistance, which is not particu- 
larly harmful, collector and emitter resistances are relatively unchanged. The 
major difficulty with such units is caused by the very thin base region which re- 
duces the voltage rating. However, by limiting collector voltage to 6 volts, switch- 
ing rates to about 2 mcs can be achieved. These devices are rather fragile because 
the collector and emitter contacts are supported only on a very thin membrane of 
semiconductor material. 

17 



Effects of Transistor Construction on Electrical Characteristics 



DIFFUSED-BASE ALLOY TRANSISTORS: A further improvement of the alloy 
transistor resulted from a graded distribution of impurities in the transistor base 
region. This process differs from the alloy transistor process only in that the 
original crystal pulled from the melt consists of a very high purity material. The 
impurity atoms are introduced subsequently by a diffusion process which permits 
a graded impurity structure. A graded base results in a resistivity which is low at 
the junction of the emitter and base regions. The resistivity gradually increases as 
the collector terminal is approached, as shown in Figure 1-14. In transistors 
of this type, the depletion layer penetration into the base region increases rapidly 
with applied voltage due to the very high resistivity near the collector junction. 
However, as the depletion layer advances, its rate of penetration with increasing 
voltage is reduced by the lower resistivity material near the emitter. This effect 
yields devices with much higher voltage ratings than those of other types of alloy 
transistors. The "built-in" electric field associated with the gradation also reduces 
the transit time of carriers through the base region, resulting in lower values of 
Cj,,, than available with uniform base regions. 

The penalties paid for these improvements are a reduction of fi and emitter 
avalanche breakdown voltage, and an increase of C Tl . due to the relatively low 
overall resistivity of the area on the emitter side of the base region. These effects, 
however, are normally not significantly detrimental to switching applications. 

Application of electro-chemical etching and plating techniques to the 
diffused-base alloy process have yielded excellent switching transistors i.e. the 
micro-alloy diffused-base transistor. Such devices, however, are still relatively 
fragile, and for extremely high speed designs, a compromise between voltage 
rating and rise time is required. 

A common disadvantage of all alloy types of transistors, is the lack of control 
over the shape of the emitter area. With these processes, the emitter is circular, 
resulting in a decreasing ratio of perimeter to area, as the radius is increased. Since 
high current transistors require a large emitter perimeter, they necessarily have 
a large area which yields large capacitance values and reduces switching speeds. 
Accordingly, switching speed is reduced as current-handling capability is in- 
creased. 

MESA TRANSISTORS: A significant breakthrough in transistor design came 
in 1956, with the introduction of the MESA transistor. Although it took several 
years to develop the mesa to its present capability, these units are characterized 
by higher switching speeds, greater power handling capability, and far more 
rugged construction than their alloyed counterparts. 

In the basic mesa transistor fabrication process, the original crystal is drawn 
from a lightly doped P-type or N-type melt. The crystal is then sliced into very 
thin wafers, each of which serves as the collector region for hundreds of individual 
transistors. 

After each wafer is carefully polished and cleaned, an opposite-polarity im- 
purity is diffused into the collector crystal to form the base region. The entire 
wafer, then, consists of a PN junction composed of a relatively thick collector 
region — approximately .005" — and a very thin diffused base layer, about 
.0001". The emitter junction is formed on the base layer by the vacuum evapora- 
tion of an impurity, of the type used for the collector, through a metal mask con- 
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taining a series of openings such as rectangular slots. The masks are prepared by 
a photo-etch process which permits precise dimensioning and spacing of the slots, 
so that as many as 400 separate emitter stripes can be deposited simultaneously 
on a single wafer to form as many separate transistors. The distinctive physical 
fact about the mesa transistor is that the junction areas can be precisely controlled. 

The emitter stripe evaporation is commonly done by the cross evaporation 
method so that an adjacent base-contact stripe may be formed during the same 
operation. By cross-evaporating the emitter and later the base contact stripes 
through the same slot, the extremely close spacing required for good high- 
frequency response can be achieved. By subjecting the resulting wafer to a short 
high-temperature cycle, all stripes alloy, to form junctions that have very shallow 
penetration into the diffused base layer. 

The last step in the wafer process involves the selective etching of the mesa, 
which reduces the active area of the collector junction to a small rectangle which 
encloses the pair of stripes. The wafer is then scribed and broken into individual 
dice, each forming a complete transistor, ready for mounting on the individual 
headers. 

The excellent precision with which these processes can be carried out, plus 
the fact that each process is performed simultaneously on several hundred tran- 
sistors, results in a relatively high yield and a high degree of uniformity in 
transistor characteristics. 

The resistivity profile results from the diffusion of impurities of one type into 
a high resistivity region of opposite type to form the graded base region. The 
emitter is then shallowly alloyed or diffused. Since the collector is of higher 
resistivity than the base, this profile has the unique advantage over the alloy 
processes, in that the depletion layer extends into the collector. Thus, the punch- 
through vs. base-width compromise largely disappears. Furthermore, the diffusion 
process lends itself to precise control. Thus, very small base widths are possible 
with the result that mesa transistors have lower C De and lower base storage, S B , 
than their alloyed counterparts. Also, the emitter geometry is not restricted to a 
dot shape as in the alloy types. Therefore, a more optimum geometry can be used 
in the Mesa transistor to fabricate higher current devices, and maintain good 
frequency response. 

The standard mesa transistor has some limitations. Because of the high re- 
sistivity of the lightly doped collector region needed to achieve the transistor's high 
reverse voltage breakdown characteristic, the collector series resistance is rela- 
tively high. This results in a fairly high saturation voltage which in turn places 
a limitation on the amount of current that can be drawn from the device without 
exceeding the power rating. A more serious limitation is the storage time resulting 
from the presence of this bulky collector region. The only solution is to reduce the 
resistivity which reduces the voltage rating, or employ (in the case of silicon) some 
method of special doping to reduce the lifetime, which also has the undesirable 
effect of reducing p. 

The standard mesa transistors have switching speeds approximately equal to 
those of the micro-alloy diffused units. However, because the bulk of the semi- 
conductor material is in the collector region rather than in the base, and because 
most of the heat which a transistor must dissipate is generated in the collector 
junction, the bulk collector of the mesa permits a low thermal impedance between 
the junction and the heat sink which gives mesa transistors far greater power- 
handling capabilities. The mesa has longer storage times but compensates for 
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this somewhat by having faster rise times. Moreover, the mesa geometry provides 
satisfactory performance at higher currents, and can withstand more severe 
environmental conditions. 

The disadvantages of the Mesa types can be overcome by reducing the width 
of the collector region to a value just wide enough to handle the required deple- 
tion layer. In this manner, the problems associated with a high r c and S c would 
disappear. To keep the physical size within the limitations of physical handling 
would require the profile of Figure 1-14D. This profile — the most ideal of all 
the possibilities — has been made a practical reality with the introduction of the 
epitaxial process. 



DIFFERENCES BETWEEN A MESA AND AN ALLOY TRANSISTOR: The two 

fundamental processes for making junction transistors are exhibited by the 
mesa and the alloy techniques. As shown in Figures 1-15 and 1-16, one of 
the basic differences is that both junctions are put into the semiconductor 
material from the same side in the mesa process, while in the alloy transistor 
the junctions are formed from opposite sides. In the mesa processes, the 
bulk of the semiconductor die is the collector instead of the base region as 
it is in the alloy process. Since most of the heat which a transistor must 
dissipate is generated in the collector-base junction, the single-sided geom- 
etry and bulk collector of the mesa permit a low thermal impedance between 
junction and heat sink. 

Whereas the common alloy transistor contains junctions formed by 
recrystallization of molten material , the all-diffused mesa transistor con- 
tains junctions formed by the high temperature solid state diffusion of the 
doping impurities. The diffusion process yields flat sheet junctions which 
can cover an entire wafer or be separated into distinct precisely shaped 
regions, as desired. 



THE EPITAXIAL MESA TRANSISTOR: The epitaxial process provides a means of 
growing very thin, high-purity, single-crystal layers of semiconductor material, on 
a very heavily doped crystal wafer of the same material. The epitaxial layer is a 
true continuation of the single crystal structure of the wafer. 

The construction of transistors using the epitaxial process is very similar to 
that of the basic mesa except that an epitaxial layer of material is grown onto the 
basic wafer to form the effective collector region. This produces a number of 
important advantages. 

1. The quality of the active semiconductor material is greatly improved. 

2. The interrelation and compromises between physical parameters and 
electrical characteristics are minimized. 

3. Compromises between interrelating electrical characteristics are mini- 
mized. 

Quality in semiconductor material is dependent on (1) low surface dislocation 
density (relatively few flaws in the orderly pattern of the semiconductor lattice), 
(2) good control over the average number of doping atoms intentionally placed 
in the lattice, and (3) the uniformity of distribution of the doping atoms (i.e.,uni- 
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Figure 1-15 — Alloy Transistor Cross-section 
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Figure 1-16 — Mesa Transistor Cross-section 
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formity of resistivity) across the face of the semiconductor wafer. The quality of 
semiconductor material (as just defined) obtainable from the epitaxial process is 
equal to or better than the best material that can be produced by any other means. 

The amount of material actually needed for transistor action is far less than 
the smallest amount of material that can be conveniently handled or mounted 
to a header. The epitaxial process permits the use of the finest quality material to 
form the active region of the transistor, while supporting this active region on a 
much less-expensive substrate, which adds the physical strength and bulk to the 
transistor but contributes nothing to the performance. 

A significant electrical compromise is the compromise between low switch- 
ing losses in the on position (in saturation) and a reasonably high breakdown 
voltage across the switch in the off condition. The voltage drop across a transistor 
switch in the on condition (SV rE ) is only partly due to the transistor junction. 
Much of it is simple IR drop across the ohmic resistance of the collector, emitter, 
and base regions as the current flows from the high conductivity emitter lead 
through the active region of the transistor, through the semiconductor die, and 
finally out the high-conductivity collector case terminal. Since the emitter, base, 
and the active region of the collector are all very thin in the mesa transistor, the 
bulk of this IR drop is produced by the non-active portion of the collector region. 
Normally this non-active portion is some fifty times the thickness of the total 
active region of the transistor because it is necessary as a mechanical support for 
the device. The epitaxial process allows this mechanical supporting substrate to 
be of one impurity content while the active region of the transistor is formed in 
the higher purity (and hence higher resistivity) grown surface layer. The com- 
promise mentioned above is resolved since the high resistivity active region, which 
is needed for high reverse breakdown voltage, is so thin that it adds very little to 
the on saturation voltage (SV rE ), while a low resistivity collector substrate pro- 
vides a low resistance path from near the collector junction to the case. 

An additional problem, which is greatly reduced by the epitaxial process, is 
that of excess charge stored in the collector region while the transistor is in the 
heavily conducting state. The use of a low resistivity (and thus high impurity 
density and low lifetime) material for the collector substrate, results in the restric- 
tion of the collector volume available for troublesome storage of excess charge, 
to the thin epitaxial layer (with its low impurity density). The low resistivity 
material of the bulky substrate, in an epitaxial mesa, will not long support the 
excess charges in their free state and, therefore, switch turn-off is much faster 
than in basic mesa transistors, where the relatively thick active collector region 
is made of high-resistivity material. 

PLANAR TRANSISTORS: In the planar transistor, the area and shape of both 
the collector-base junction and the base-emitter junction is controlled during the 
diffusion process by selective masking. Here the "mesa" or active region of the 
transistor is turned downward into the wafer surface and the junctions are bent 
upward to terminate under a protective layer of oxide. All the fundamental phys- 
ical characteristics that apply to a mesa transistor are present in the planar 
version; all junctions are formed from the same side; the semiconductor body is 
the collector; the transistor junctions are diffused, rather than alloyed; and an 
entire sheet of as many as 1 ,000 transistors is fabricated at one time. The electrical 
performance and the transistor design compromises are essentially the same as in 
the mesa, and in the epitaxial mesa when the planar uses epitaxial construction. 
The chief constructional difference between the two types is in the method of 
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controlling the size and shape of the active base region. In the conventional mesa, 
the control is accomplished by the chemical removal of the unwanted base ma- 
terial. In the planar transistor, the base is diffused through an oxide mask which 
limits the area available to the diffusant. Both construction technologies permit 
extremely close control of layer thicknesses, impurity profiles, and active cross- 
sectional areas. 

ANNULAR TRANSISTORS: The Annular* process, a recently developed meth- 
od of manufacturing high-frequency silicon transistors, circumvents some of the 
problems encountered in the planar process. 

Present silicon transistors made by the planar process are limited in break- 
down voltage by a phenomenon called "channeling". This is particularly evident 
in PNP devices, where the use of high-resistivity material for the collector region 
causes a reversal of material polarity in a narrow strip of collector material near 
the surface of the device. This polarity reversal produces an inversion layer at 
the surface which actually converts the surface portion of the collector region 
into an extension of the base region. The base-collector junction, therefore, 
rather than terminating at the top surface of the device, where it is covered by 
a protective oxide, is shifted to the edge of the transistor where it is exposed to 
the environment. This exposed surface causes an increase in leakage current far 
in excess of values that are tolerable for high-quality transistors. 

The "channel," being uncontrolled, is quite erratic, both as to depth and 
apparent resistivity. This gives rise to severe instability problems even in appli- 
cations where the high leakage current might be tolerable. As a result of these 
problems, silicon PNP planar devices are normally made with low resistivity 
collector regions, which retard channeling, but yield relatively low breakdown 
voltages. 

The annular process circumvents the channeling problems prevalent in 
planar devices. Basically, it consists of a transistor structure having a deliberately 
induced channel with controlled characteristics which are relatively immune 
from the erratic variations of an uncontrolled channel. This induced channel is 
then terminated close to the base region of the transistor by means of a diffused 
annular ring, so that the channel cannot extend to the edge of the transistor. 
The collector-base junction, therefore, is terminated at the surface where it is 
protected from the environment by the oxide coating. This solves the problem 
of high leakage current while, at the same time, permitting the use of optimized 
resistivity material to obtain the desired transistor characteristics. 



•Patents Pending. 
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1-5 — Fabrication Process for Annular Transistors 

EPITAXIAL GROWTH AND OXIDE FORMATION: The various process steps 
are illustrated in Figure 1-1 7a thru i. 

The epitaxial growth of the active region of the slice is done under ultra- 
clean conditions in an induction furnace. Silicon tetrachloride is carried in the 
vapor phase over the hot and polished surfaces of the substrate wafers. Under 
proper conditions of temperature, vapor pressure of the tetrachloride in its 
hydrogen carrier gas, and flow rate, a continuation of the existing substrate 
lattice will begin to grow, atom by atom, on the surface of the wafers. The 
dopant concentration of the epitaxial layer is controlled by the vapor pressure 
of dopant atoms in the gas flowing over the wafers. The desired thickness of the 
epi-layer is about 12 microns. When this thickness is reached, the composition 
of the gas flowing over the wafers is changed and an oxide is formed on all ex- 
posed semiconductor surfaces. An important feature of the process is that the 
oxide is formed directly on the ultra-clean epitaxial surface, without a chance 
for contamination. 




F., . -» induced inversion layer 

'g" rel - 17a * "ch.nnel" — 

oxide layer ». ^^^^^^^^^ / 

^ _ L - / 

epitaxial layer — — 

substrate 






BASE MASK PREPARATION: The oxide-covered wafer is then coated with 
photo-resist* and exposed with the pattern of the desired base regions as shown 
in Figure l-17b. After development of the photo-resist, the wafer is immersed 
in an etch that removes the oxide layer from those portions of the wafer that 
are to undergo base diffusion . The remainder of the oxide is protected by the 
layer of photo-resist and remains intact. After etching the base diffusion mask 
into the oxide-coated wafer, all traces of photo-resist are removed and the wafer 
is ready for base diffusion. 




-. „ ■ i T L induced "channel" 

Figure 1-1 7b 



oxide layer base window 



* Photo resist refers to a photographic process in which the material for treatment is coated with a 
photographic emulsion which is resistant to acid for short periods of time. By exposing and fixing 
selected patterns, portions of the material can be selectively etched. 



24 



Effects of Transistor Construction on Electrical Characteristics 



BASE DIFFUSION AND OXIDE FORMATION: Base diffusion takes place in a 
sealed furnace with carefully controlled amounts of the diffusant present. The 
oxide prevents diffusion into the wafer except where an etched window lets it 
through. An important characteristic of the process is that the diffusion proceeds 
in very uniform fashion from the window into the material. The mechanism is 
such that the diffused region spreads out under the oxide beyond the area of the 
etched window. The cross section in Figure 1 -17c shows the diffused region to 
be larger in area than the window and the surrounding P-N junction is com- 
pletely covered by the original oxide layer. Since the original oxide layer was 
applied as part of the epitaxial growth process, there is almost no possibility 
of a foreign impurity or ionized particle existing on the oxide-semiconductor 
interface at the point where the collector-base junction turns up to the "surface." 
At the conclusion of the base diffusion, oxygen is introduced into the furnace 
and a new layer of oxide is grown. The wafer is now again completely protected 
from outside contamination. However, during the formation of the base junc- 
tion a "channel" is usually formed between the oxide layer and the collector 
region (especially if it is of high resistivity, as in the case of a high voltage tran- 
sistor) . The "channel" must be terminated by an Annular band during emitter 
junction formation. 



Figure l-17c 




EMITTER AND ANNULAR BAND MASK PREPARATION: In exactly the same 
manner as the base mask was prepared, photo-resist is applied, exposed, and 
developed, to permit an acid solution to etch smaller windows in the new oxide 
as shown in Figure l-17d. After the new windows are cut through to the 
semiconductor, using an etch that attacks only the oxide and not the semicon- 
ductor, all traces of the photo-resist are removed as before and the wafer is ready 
for diffusion. 



Figure 1-1 7d 




oxide layei 
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EMITTER AND ANNULAR BAND DIFFUSION: Diffusion is carried out in ex- 
actly the same manner as the base diffusion except that the diffusant is of the 
opposite impurity type. The cross section in Figure l-17e shows that the emitter 
and annular band diffusion spreads out under the oxide as did the base diffusion. 
A new (third) layer of oxide is then grown. 



Figure 1-1 7e 




new oxide tayet 




OHMIC CONTACT MASK PREPARATION: Since the wafer of transistors is com- 
pletely covered with oxide, the photo-resist masking process is again employed to 
cut windows for the application of ohmic contacts. The areas so exposed must not 
bridge or even approach too closely either of the lines where a junction comes to 
the surface, but since they will supply current to their related region, the contact 
area must cover as much of the region as practical. 

METALLIZING CONTACTS: Metal is now evaporated in a thin layer over the entire 
active side of the wafer. In the contact areas the metal falls on semiconductor; 
over the rest of the wafer it falls on oxide. Since the oxide has as great an affinity 
for the metal as the semiconductor, the contacts cannot be alloyed until the 
unwanted metal has been removed. The excess metal is removed by a mild etch 
using the photo-resist masking process. Metal remains only on those areas of raw 
semiconductor which are to become ohmic contact areas. The metal is cleaned at 
the precise places where the thin connecting wires will be attached. These steps 
are detailed in Figure l-17f. 



Figure 1-1 7f 




oxide la ye. 
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SCRIBING AND DICING: All operations up to this point have been on an entire 
wafer at a time. Since a wafer contains up to 1000 transistors, it is eventually 
necessary to cut or break it up into individual transistor dice. This is done by a 
scribing operation in which a diamond point is pulled across the face of the wafer 
between rows and columns of transistors. After a chess-board pattern has been 
scribed onto the surface, the individual dice are separated by breaking the wafer 
along the scribe lines, in much the same way as window glass is cut to size. 

ATTACHMENT OF DIE TO HEADER: In transistor types where it is desired to have 
the collector of the transistor electrically connected to the transistor can, the 
attachment of the die to the header is accomplished by a simple ohmic alloy 
process. Before dicing, the under side of the wafer is coated with a thin layer of 
gold. This coated side of the individual die is now alloyed to the gold plated 
header. In addition to making a good electrical connection, this method of mount- 
ing provides a low thermal path from the collector to the header. Figure 1-1 7g 
shows the die mounted to the header. 



Figure 1-1 7g 




ATTACHMENT OF LEADS TO DIE: Once the transistor die is fastened to the header, 
it is possible to move and orient it with precision. Jigs holding many transistors 
are fed into special thermo-compression bonding machines in which, by the com- 
bination of pressure and temperature, a 0.001 inch diameter connecting wire 
is secured between the contact area and header post. The detail in Figure 1-1 7h 
indicates the completed step. 



Figure l-17h 
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HERMETIC ENCAPSULATION: At the present state of the art, almost all transistors 
are protected by means of the familiar hermetically sealed metal enclosure. Be- 
fore being sealed, the unit on its header is baked and flushed with inert gas to 
remove residual moisture or other contamination. After the flushing and baking 
process, metal caps are placed over the transistor header and welded on. An 
enlarged view and the actual size of a type TO- 18 transistor case is shown in 
Figure l-17i. 



Figure 1-1 7i 




f 



actual size 
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CHAPTER 2 
Switching Modes 

Transistor switching circuits generally fall into three basic categories, de- 
pending on their operating mode. These are broadly classified as saturated mode, 
current mode and avalanche mode, and are determined by the portion of the tran- 
sistor output characteristic curve utilized. 

The operating regions for various transistor switching modes are shown in 
Figure 2-1. Here, it is evident that, for all modes, the switch-off condition is char- 
acterized by an excursion of the load line into the cut-off region of the transistor. 
The operating mode, therefore, is determined principally by the dc circuit state 
in the switch on condition, and by the location of the operating points. 



SATURATION 
REGION / 



TRANSITION 
(ACTIVE) 
REGION 



AVALANCHE 
REGION 




COLLECTOR VOLTAGE, V r 



Figure 2-1 — Operation Regions for Switching Modes 



2-1 — Saturated Mode Operation 

Saturated mode operation most nearly duplicates the function of a mechani- 
cal switch. In the off condition, current through the switch is extremely small. In 
the on condition, the transistor, is driven into the saturation region which is dis- 
tinguished by the fact that both the collector and the emitter are injecting carriers 
into the base, so that the transistor exhibits. a virtual short circuit between its 
emitter and collector terminals. 

Saturated mode operation has enjoyed widespread popularity. It is capable 
of producing a high voltage output, causes low transistor power dissipation in 
both the off and the on condition, and requires relatively few parts and simple 
circuitry. However, because the transistor is driven into saturation, it is troubled 
by storage delay time which limits switching speeds. 
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A common saturated mode switching circuit is illustrated in Figure 2-2. 
When the level of the input signal is at V„, a voltage at or near ground potential, 
the base-emitter junction of the transistor is reverse biased by the action of V BB , 
R,, and R K . The transistor, therefore, is held in the cutoff condition, as indicated 
by Point B in the graph of Figure 2-3, and very little current flows through load 
resistor (R L ). 





Figure 2-2 — Saturated Mode 
Switching Circuit 



Figure 2-3 — The Saturated 

Mode Load Line 



When the input is at V,, a voltage that generally ranges in magnitude from 
3 to 12 volts, the input current through R K overcomes the bias current from V BB 
and produces sufficient forward base current (I B ) to drive the transistor into sat- 
uration, placing operation at Point A on Figure 2-3. This constitutes the on condi- 
tion and permits a load current flow approaching the limiting value of V CC /R L . 

The basic circuit of Figure 2-2 is subject to a number of variations. In most 
practical applications, the load must have one terminal grounded and cannot be 
inserted between the collector and the power source. Under these conditions, the 
circuit in Figure 2-4 is normally employed. 

In this circuit, the switching transistor is placed in parallel with the load so 
that the load is virtually short circuited when the transistor is turned on. With 
the transistor turned off, its output represents a virtual open circuit across the 
load, and load current approaches the limiting value of V (r /R c -)- R L . 




Figure 2-4 — Saturated Mode Switching Circuit 
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With such circuits, it is evident that the voltage across R L is dependent upon 
the ratio of R c to R t- . In applications such as computer logic systems, R L is often 
a variable, depending upon the number of subsequent circuits that are turned on 
during a given logic operation. It is necessary to provide a nearly constant output 
voltage to assure enough, yet avoid excessive, drive into subsequent stages, re- 
gardless of their number. A nearly constant output level is achieved by the addi- 
tion of a clamping diode circuit, as shown in Figure 2-5. When the transistor is 
in the on state and represents a virtual short circuit across the load, the diode is 
reverse biased and has no effect on circuit performance. At this point, the output 
voltage (V u ) is equal to the saturation voltage (SV ( . E ) of the transistor which is 
normally a fraction of a volt. When the transistor is cut off, representing an open 
circuit, the voltage from V (T divides between R c and R T in accordance with the 
resistance ratio between these units. If the load voltage attempts to exceed the 
value of V K , the diode becomes conductive and clamps the output voltage (V t ) 
to a value of V K -\- V 3) where V D represents the diode drop. 




Figure 2-5 — Saturated Mode Circuit with Clamp Diode 



In practice, it is usually possible to design the circuit so that this condition 
exists for all anticipated values of Rj., so that the output voltage will vary from 
virtually zero (with the transistor in saturation) to some fixed value, V K -\- V D 
(with the transistor cut off). 

The dc design of saturated circuits is fairly straight forward. The principal 
problem revolves about the selection of R K and R R so that the proper off and on 
conditions for the transistor are met. This problem is resolved by solving a pair 
of simultaneous equations once the transistor parameter limits are accurately 
known. It is necessary to accurately know limits for the saturation voltage SV CE 
and the input voltage V nE as affected by collector current, base current and tem- 
perature. The limit of base leakage current in the off condition must also be 
known at the maximum temperature. A design procedure, together with an ex- 
ample worked out in detail for this type of circuit is given in Chapter 7, Section 1. 

A serious drawback of saturated mode operation is storage delay time. That 
is, there is a finite, often undesirably long, delay between change of input voltage 
from V! to V„ and response of the transistor collector current. This delay results 
from overdrive, or excess base current, which is used to drive the transistor into 
the saturation region. The excess base current results in an accumulation of stored 
charge in the base and/or collector, which must be removed before collector cur- 
rent can change. 
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Figure 2-6 — Use of a Capacitor to Nullify Stored Charge 




o — vw-A-J4 



Figure 2-7 — The Baker Clamp Circuit 



Various methods have been devised to overcome the storage time problem. 
The simplest method is to use a capacitor connected in parallel with the drive 
resistor, R K , as shown in Figure 2-6. Since the voltage drop across R K is fairly 
high, the capacitor provides a place for charge to be stored when the transistor 
is on. As the input signal changes, the charge on the capacitor is forced into the 
base of the transistor. This charge can effectively cancel the transistor stored 
charge, resulting in a reduction of storage time. This method is very effective if 
the output impedance of the preceding stage is low so that the peak reverse cur- 
rent into the transistor is high. 

Another method of reducing turn-off delay time is simply to keep the tran- 
sistor out of saturation. The use of diodes in a feedback arrangement devised by 
Baker 1 , as in Figure 2-7, is quite effective. The voltage drops across the diodes are 
such that the collector junction can never become forward biased and any base 
driving current in excess of that required to bring the transistor to the edge of 
saturation is simply channeled around the base through the upper diode. 

This method greatly complicates the dc design of the circuit because device 
specifications must be such as to keep the transistor out of saturation under worst- 
case conditions. Storage time problems are now transferred to the diode which 
must have a much faster recovery time than the transistor if this method is to be 
of much value. 
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Another approach, developed by Pressman 2 , uses resistors in a linear feed- 
back network, as shown in Figure 2-8. Since this circuit requires high transistor 
gain, it is common to use two transistors in a compound or Darlington connection. 
The circuit is particularly effective in computer logic circuits using diodes, where 
the base circuit is open when the transistor switch is on. 




Figure 2-8 — Resistor Coupled Anti-Saturation Circuit 



Both of these feedback methods sacrifice dc design simplicity and low on 
voltage for higher speed. They prevent the operating point from moving into the 
saturation region by setting the on point at or near Point A' of Figure 2-3. Another 
method of preventing saturation is to change the mode of operation to that of the 
current mode, which will be discussed shortly. 

2-2 — Saturated Mode Coupling Circuits 

Most switching circuits are direct coupled. This not only increases circuit 
efficiency, but is generally necessary because circuits must remain in one state 
or the other for periods of time which are too long to make ac coupling practical. 

The dc coupling technique plays a vital role in determining the switching 
characteristics of a circuit. The differences in coupling techniques are particularly 
significant in logic circuits, as used in digital computers. These circuits are char- 
acterized by a "fan-in", where one circuit is driven by several inputs and a "fan- 
out" where the circuit must deliver outputs to a number of subsequent stages. 
The function of logic circuits or gates is to be either off or on, corresponding to a 
"1" (high output) or a "0" (low output) depending upon the state of the various 
inputs. 

The circuit behavior is described by Boolean algebra, the mathematical ex- 
pressions for the language of logic. These expressions are shown on Figures 2-9 
through 2-1 1. The significance of these equations will be explained in each case. 
In all cases, the function of logic circuits, or gates, is to provide an output only 
for a predetermined combination of input signals. 

RESISTANCE COUPLING: Circuits similar to those of Figures 2-4 and 2-5 are 
examples of resistance coupling and, when used in logic circuits, are called 
resistor-transistor logic circuits, or RTL. 
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S = (A+B+C)(D+E) 



R = (D+E)(F)(G) 



Figure 2-9 — Resistor — Transistor Logic (RTL) 

The advantages and limitations of this coupling method can be evaluated 
from the schematic of a typical RTL gate shown in Figure 2-9. In this circuit, 
transistor Q, represents a logic gate that is turned on (output is "0'') when any or 
all of the signals at Points A, B, and C go negative, which represents a "1" input. 
Q;, is turned on when either signal D or E, or both, go negative. Both Q t and Q 2 are 
called "Nor" circuits. A "Nor" circuit produces a "0" output when any or all 
inputs are "1". Q ;! goes off, thereby producing a "1" output only when Qj and Q 2 
are energized by a " 1 " at A o/_B or C and D or E. Q 4 is turned off when D or E 
signals are "1" provided that F and G are "0". Q 3 and Q 4 are also called "Nor" 
circuits because they produce a "0" output only when any or all their inputs are 
"1". 

Cascaded "Nor" circuits produce the "And" function. The output of Q 3 
can be stated: S is a "1" when at least A or B or C and either D or E is a "1". 
The output of Q 4 can be stated: R is a "1" when at least D or E and F and G is a 
"1". The symbols F and G indicates a "complement" of F and G; that is, when 
F is a one, F is a zero, etc. 

The chief advantages of RTL design are that the circuit is quite simple and 
uses a minimum number of transistors and other parts. The disadvantage becomes 
evident when considering the design of the stages individually. For example, if 
Q x must be designed so that it will be driven into saturation by only a single 
input "1", then the application of three simultaneous "1" levels would move the 
operating point far into the saturation region and would result in a long storage 
time should the three inputs change to "0" simultaneously. An attempt to com- 
pensate for this increase in storage delay by increasing reverse-base-current (turn- 
off current) results in driving the transistor deeper into the cut-off region (during 
the off state) and causes an increase of turn-on delay time. Increased reverse base 
current from the V I!K — R n source also results in reduced circuit gain since this 
increase in current through R R must be overcome by an increase in current 
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(A + B + C)(D + E) 



E)(F)(G) 



Figure 2-10 — Resistor — Capacitor Transistor Logic (RCTL) 



through R K in order to drive the transistor into saturation. While it is possible to 
design an optimum input network for any given number of fan-ins. resistance 
coupling still results in relatively slow switching speeds. 

RESISTANCE-CAPACITANCE COUPLING: It was mentioned previously that a 
capacitor could be connected across the coupling resistors to enhance switching 
speeds by providing high peak currents when the input signal changes state. It is 
normally not practical to do this by simply adding capacitors to the RTL con- 
figuration of Figure 2-9, because of the extreme sensitivity to noise which this 
produces. If, for example, all the coupling resistors (the R K 's) were bypassed 
with capacitors, noise pulses at any of the inputs would be coupled directly to the 
transistor bases through the coupling capacitors and could easily produce spuri- 
ous triggering. This problem is normally so severe that the speed of RTL circuits 
is never enhanced in this way. 

As a rule, the use of capacitors leads to the configuration in Figure 2-10, 
normally referred to as resistor-capacitor-transistor logic (RCTL). This circuit 
results in the same type of logic as the previous one, but the number of transistors 
has been greatly increased. With each input circuit being isolated from the others 
through a transistor, noise problems are not severe. 
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.1 1 S = (A + B + C) (D + E) 



> R = (D + E)(F)(G) 



WQjo 

Figure 2-1 1 — Direct Coupled Transistor Logic (DCTL) 

RCTL usually permits repetition rates of ten times that of RTL. The upper 
limit upon repetition frequency is determined by the size of the capacitor which 
in turn is determined by the stored charge of the transistor. Jt is necessary for the 
capacitor to reach equilibrium before any change of state occurs. When a tran- 
sistor has turned off, some charge is usually left on the capacitor. This charge 
must decay through R K and C K , and circuit recovery time can be long. 

DIRECT TRANSISTOR COUPLING: A simplification of the RCTL circuit, called 
direct-coupled-transistor logic (DCTL) is shown in Figure 2-1 1. This configura- 
tion offers about the same order of switching speed as RCTL and uses the same 
number of transistors, but requires fewer resistors and power supply sources. On 
the other hand. DCTL is characterized by an extremely small output signal, a 
high susceptibility to ground noise and a critical dependence upon a tight distri- 
bution of several transistor characteristics. These limitations become evident in an 
analysis of the circuit. 

With zeros applied at Points A, B, and C, transistors Q 1 , Q-, and Q A are cut 
off and the collector voltage normally would attain a value of V (r . However, 
due to the load circuit represented by the base-emitter diode of Q 6 , the collector 
voltage is clamped to the base voltage of Q . Transistor Q is turned on hard by 
the heavy drive current and is driven deep into saturation which results in a very 
low saturation voltage and fast rise time but also, unfortunately, in a high stored 
charge. 
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Although the stored charge is discharged rapidly through the low output 
resistance of Q 1( Q._, or Q s , when one of these is turned on, the storage time delay 
for DCTL circuits is longer than for comparable RCTL configurations. On the 
other hand, the elimination of R K and C K in DCTL circuits eliminates recovery 
time considerations so that the maximum switching speeds attainable with the 
two circuits are quite similar. 

Fan-out of DCTL configurations is severely limited due to a problem called 
"current hogging". In the schematic it will be noted that the load for transistor 
Q 4 (or Q 5 ) is the parallel inputs of transistors Q 7 and Q s . If one of these load 
transistors has a lower turn-on voltage than the other, the output voltage of the 
driver transistor may be clamped to a value which is insufficient to turn on the 
second load transistor. The problem becomes more serious as more load tran- 
sistors are added and imposes stringent tolerances on the value of V BE . 

The noise susceptibility of DCTL circuits results from the small signal levels 
and the absence of turn-off bias. With all transistors operating at the edge of con- 
duction in the off condition, only a small amount of ground noise injection at the 
emitter can cause a spurious signal output which could trigger subsequent stages. 

SUMMARY: Depending on the specific application, each coupling method has 
some advantages and limitations. RTL, for example, requires the fewest active 
elements and permits high fan-out; but it is relatively slow. DCTL offers high 
speed, but requires many active elements and is critical of transistor parameters. 
RCTL, which is perhaps the most popular coupling method, offers high speed 
and high fan-out, but requires a large number of active elements and is somewhat 
more complicated than the other forms. It is generally used in conjunction with 
diodes, to perform logic functions, but the basic RCTL configuration forms the 
heart of more complex switching circuits such as multivibrators and trigger 
circuits. 

Many combinations of diodes and transistors to perform logic have been 
developed. A treatment of many of these is given in reference 3. 



2-3 — Current Mode Operation 

As mentioned earlier, high switching speed can be obtained as a result of 
eliminating storage delay time by limiting the on excursion of the transistor 
load line to Point A' in Figure 2-3. This can be accomplished most effectively by 
operating in the current mode. 

The basic current mode circuit is illustrated in Figure 2-12. Here a voltage 
source, V EE , produces a current flow through diode D E and resistor R E . The 
voltage drop across the forward biased diode, a few tenths of a volt, appears be- 
tween the emitter of transistor Qj and ground; hence a slightly positive signal 
voltage on the base of Q 1 is required to keep the transistor in the cutoff state. A 
negative voltage on the base of Ch turns on the transistor which turns off the diode. 

Analysis of the circuit reveals that, if V EE is much larger than the signal 
voltage, the current produced by V EE is approximately V EE /R E , and is relatively 
constant regardless of the transistor state. With Qj cut off, this current flows 
through diode D E ; with Q t turned on, it flows into the emitter of the transistor. 
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Figure 2-12 — Basic Current Mode Circuit 



e i o— I 




Figure 2-13 — Current Mode Circuit Having Complementary Outputs 



As a rough approximation, if the values of V cc and R, are selected so that 
V rc /R L (the limit of collector current in saturated mode circuits) is greater than 
V EK /R E (the current that flows into the emitter), it should be evident that the 
collector current cannot enter the saturation region, and is limited to a point 
represented by A' in Figure 2-3. Hence, current mode operation prohibits tran- 
sistor saturation, which eliminates storage time as a speed limiting factor. 

A more versatile current mode circuit, one that provides two out of phase 
output signals (complementary signals) simultaneously, can be obtained by re- 
placing the diode of Figure 2-12 with a transistor, as shown in Figure 2-13. The 
operation of the circuit is exactly as when the diode is used. 
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If transistor Q 2 is conducting, the emitter bus will assume a potential of 
-f-Vj»,, :2 due to the voltage drop across the base-emitter junction of Q 2 . For ger- 
manium mesa transistors, this potential is approximately 0.5 volt . With the 
emitters positive, the input signal (e^ to Q 1 must be positive by at least 
( Vbe — ^t) * m order to keep this transistor in a cutoff condition. 

As ei goes negative, current from the emitter-current source (V EE ) divides 
between Q x and Q 2 until ej reaches a value of — (V BE — V T ). At this point, the 
emitter bus will be at a potential of V T , causing the grounded-base transistor (Q 2 ) 
to cut off and permitting all the current from V EE to flow through the base-emitter 
junction of Q,. 

The output voltage, e,„ obtained from the collector of Q 2 is in phase with the 
input signal, while e' , the output of Q,, is 180° out of phase. Thus, complemen- 
tary output signals are available at the same time. 

In addition to high speed, current mode operation produces a number of 
significant benefits. Among these are: excellent dc stability, high noise immunity, 
and non-critical transistor parameters. For logic applications, this type of circuit 
has the disadvantage of requiring a relatively large number of transistors in com- 
parison with saturated mode operation. This problem, today, is largely resolved 
by the availability of low-cost transistors and by the development of integrated 
circuits wherein multiple transistors can be manufactured as inexpensively as 
individual units. 

2-4 — Coupling Techniques for Current Mode Circuits 

In saturated mode circuits, the output voltage varies from virtually zero 
(when the transistor is in saturation) to V cc or some clamp level (when the 
transistor is cut off) . This output signal is of the proper polarity and has the re- 
quired level to drive the following stages without requiring any special coupling 
considerations. In current mode operation, however, the output signal consists 
of voltage levels which vary about a reference level different from the input 
reference level. Direct coupling, therefore, cannot be employed without special 
coupling techniques to translate the output signal to the proper input level. 

One common coupling method employs alternate PNP and NPN blocks in a 
configuration as shown in Figure 2-14. In this circuit, the base of each NPN 
transistor stage is returned to a — 3 volt reference level rather than ground so 
that the input signal must vary above and below this — 3-volt reference level. 

When transistor Q 2 is on, a current — ^5— 25— , approximately 20 mA, 

R E 

flows through the load resistor R L . Simultaneously, an opposite-polarity current 

V rr — V T 

— — — , of 10 mA, flows through this resistor. As a result of the net 

R c + R L 
current, a potential of 1 volt appears across R L . This voltage drop adds -|-l-volt 
to the — 3 volt reference level of Q 3 , turning it on. 

When Q 2 is cut off, only the current V cc - V L flows through R E . The re- 

Rc + Rl 
sultant drop across R L adds — 1-volt to the —3 volt reference level, causing Q 4 
to conduct and Q 3 to cut off. 

*Vt is defined as the base-emitter voltage at the threshold of conduction where Ic is negligibly small. 
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Figure 2-14 — Cascade Complementary Gate 

It is important to note that the voltage at the collector of Q 2 never drops 
below — 2 volts with respect to ground. Since the base of Q 2 is grounded, the 
collector-base junction of this transistor is always reverse biased and is kept out 
of the saturation region. 

Another coupling method commonly employed for level translation in cur- 
rent mode circuits is shown in Figure 2-15. This method utilizes zener diodes 
as coupling elements and permits the use of transistors of the same polarity in 
cascaded current mode stages. 

In this circuit, the base of each transistor is referenced to ground so that the 
input signal is required to vary above and below the zero reference level. If the 
load voltage is to vary, for example, from -\- 1 volt to — 1 volt, then with the 3.3 
volt zener diodes shown, the collector voltage level must vary from — 2.3 to — 4.3 
volts. The collector level with these potentials is always comfortably above the 
edge of saturation. 
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Figure 2-15 — Zener Diode Coupled Inverter 



40 



Switching Modes 



Operation of the circuit is as follows: When transistor Q 2 is off, two opposing 
currents flow through the load resistor R L . The voltage source (V rr ) produces 
a load current of approximately 25 mA, while the voltage source V K produces 
a load current of approximately 16 mA. The net current through R L causes a 
voltage drop of about — 1 volt to appear across this resistor. 

When Q 2 is turned on, a transistor current of approximately 24 mA is in- 
jected into the node at the collector terminal in opposition to the current caused 
by V cc . This reduces the zener diode current to about 4 mA, which is still suffi- 
cient to keep the diode in conduction. The load current now consists of a V rc cur- 
rent of about 4 mA and an opposing V K current of about 15 mA. The net current 
through R r , therefore, still produces a 1-volt drop, but this time the V K 
current predominates so that the load voltage is positive with respect to ground. 
Hence, the conditions for level translation are fulfilled. 

In all current mode circuits, transistor saturation is avoided by limiting the 
emitter current to a value that is less than the normal collector current limiting 
condition represented by V (r /R L . When designed for a specific load, excessive 
variations in load conditions could result in improper performance. If the load 
is too light, it would be possible to enter the saturation region. If it is too heavy, 
the available output voltage might be insufficient to assure proper turn-on of the 
succeeding stage. Thus, the load must remain within fixed limits. The resulting 
problems differ for the two types of coupling methods described and an analysis 
is provided in Chapter 8. 

A current mode logic circuit using complementary transistors is shown in 
Figure 2-16. Note that the logical outputs are the same as for the previous cir- 
cuits. While the current mode configuration uses more transistors than the satu- 
rated mode RCTL circuit, its speed is approximately five times greater. 

S = ( A + B + C) (D * E) 



mi^rr 




s^ T— W\r-t-VW— t ' ^/ »— WV-f— Wv »-■ 

1 °^L 



Figure 2-16 — Current Mode Logic Circuit Using 
Complementary Transistors 
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Figure 2-17 — Basic Avalanche 
Mode Circuit 



Figure 2-1 8 — Load Line for an Avalanche 
Mode Switch 



2-5 — Avalanche Mode 

Operation in the avalanche mode utilizes the negative-resistance character- 
istics of transistors, which result from operation in the common-emitter break- 
down region. Figure 2-17 shows an elementary circuit capable of operating a 
PNP transistor in the avalanche mode. Its operation may be understood with the 
aid of Figure 2-18. 

Assume, initially, that I BR = K t is a small reverse current which holds the 
transistor operating point at Point B. If a negative trigger voltage is applied, so that 
the base current is reduced to zero, the operating point shifts to Point A' on the 
I B = curve. The extreme speed with which it does this is the chief attraction 
of avalanche mode operation. When the trigger pulse disappears, the operating 
point shifts slightly to Point A and remains at that level. The switch, therefore, 
has two stable states. To return the switch to Point B it is necessary to apply 
sufficient reverse current to allow only a single stable condition. A small positive 
trigger accomplishes this, as indicated by I BR = K 2 . 

Because of instability problems associated with the negative resistance re- 
gion, avalanche mode circuits are normally ac coupled and do not find general 
use in logic systems. Obviously, a thorough characterization of a transistor's 
avalanche region is necessary to properly utilize operation in the avalanche mode. 
Primary applications and a more detailed analysis of this operating mode are 
given in Chapter 9. 
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CHAPTER 3 

Transistor Characteristics 
Influencing Off Condition Design 

As pointed out in Chapter 2, the off condition for the three modes of opera- 
tion is the same, although the load line for each mode is different. The off region 
is defined as the state where the current through the transistor is at its minimum 
value and the voltage across the transistor is at its maximum value. 

When a transistor switch is in the off state, there are three principal transis- 
tor characteristics that affect circuit design. They are: (1) leakage currents, (2) 
turn-on threshold voltage, and (3) avalanche breakdown (latch-up). 

Most switch designs are based upon worst-case techniques which means 
that limit values are required for the dc characteristics of the transistor. However, 
most data sheets do not provide the necessary limit design characteristics for di- 
rect design application. For this reason, Motorola has devised a new data sheet 
— called a Designer's Data Sheet — to provide limit design data which permits 
complete switching circuits to be designed from the given data. 

The concept of the Motorola Designer's Data sheet is relatively new. There- 
fore, the early part of this chapter discusses the off condition design requirements, 
and the appropriate off condition characteristics as obtained from the 2N964A 
Designer Data Sheet. The latter portion is devoted to explaining how to obtain 
limit design data from the conventional data sheet. 

3-1 — Leakage Currents and Threshold Voltage 

When a transistor switch is in the off condition, there are always some re- 
sidual transistor leakage currents flowing in various legs of the circuit. Some of 
these currents are minute compared to other circuit currents and can be con- 
sidered negligible. However, in certain portions of the circuit the leakage currents 
are not negligible in comparison with the other currents and therefore they must 
be considered as part of the design. 

The currents which flow in a transistor are indicated in Figure 3-1. For a 
transistor to be truly off, only the residual cutoff or leakage currents should flow; 
i.e., I' c = I' E = I' B = 0. 

1 CL = The collector cutoff current with the collector junction reversed 
biased. I CL is generated by the same components that compose l C eo- 
However, l CB0 is measured with the emitter open and thus does not 
express the leakage current which is normally slightly less than l CB0 
when the emitter is connected in 3 practical circuit. 
I c ' = Portion of injected emitter current reaching the collector (« !■') 
J c = Total collector current (l CL + l' c ) 

'el = ^e ernitter cutoff current with the emitter junction reversed biased. 

i EL is generated by the same components that compose l £BO - How- 

— ^^^^ -' ■ 1 I J ever, l EEO is measured with the collector open and thus does not 

express the leakage current which is normally less than l E80 when 
the collector is connected in a practical circuit. 
I' E = Total emitter current (l tl — l e ') 
!„. = Base leakage current (l CL +l £ i) 
V = "On" base current (l c '-'fi) 
li = Total base current (I& — l B ') 

Figure 3-1 — Current Flow Near the Cutoff Region 
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The typical behavior of the collector currents and base currents for a ger- 
manium transistor, in the vicinity of the cutoff region, is shown on Figure 3-2. 
It is evident, from the figure, that when V BE = the transistor is conducting 
slightly and is not truly off. Therefore if a transistor switch is to be truly off, a 
reverse bias voltage (V OB ) must be applied. A reverse bias equal to V TR can be 
regarded as the minimum reverse bias voltage that must be maintained to keep 
the transistor cutoff. With reverse bias voltages greater than V TR , the base current, 
I B , equals I BL and the collector current, I c , equals I CL . The effect of the currents 
I CL and I EL is usually negligible in the output circuit. However, I BL normally 
flows through a relatively high resistance (R B on Figure 3-1). The voltage drop 
across R B developed by I BL causes a small forward base-emitter bias which turns 
the transistor on slightly. Therefore, I BL and V TR under worst case conditions 
must be considered when designing the dc off condition for a transistor switch. 

For circuit analysis, it is convenient to define a voltage, V TF , at the threshold 
of conduction in the forward direction. V TF is not a well defined point but can 
arbitrarily be taken at the point where I c has increased about an order of magni- 
tude from its cutoff value. For the transistor used to prepare Figure 3-2, V TF is 
approximately 0.1 volt. 

I BL is related to the collector base diode leakage current (I CB0 ) and the 
emitter-base diode leakage current (I E bo)- The relationship is a little involved, 
and will be developed later. 
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Figure 3-2 — Effect of Base Voltage Upon Current Flow 
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Complete worst-case design data for I BL and V TR are conveniently shown 
in the graph of Figure 3-3 for a 2N964A germanium transistor. As can be seen 
from the graph, both V TR and I BL are temperature sensitive, and I BL increases 
with increasing reverse bias. Any reverse bias voltage (V 0B ) selected to the right 
of the V TK axis will maintain the transistor switch in the cutoff region. I BL is 
specified at values of reverse bias greater than the minimum required, to handle 
those occasions where a reserve reverse bias is desired in order to provide noise 
immunity, or where large reverse biases are encountered as in multivibrator 
circuits. 
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Figure 3-3 — Base Leakage Current for 2N964A 



I BL can be obtained at temperatures other than those specified by drawing 
additional curves on Figure 3-3. When V OB = V TR , I BL increases exponentially 
with temperature; since the ordinate is a log scale for current, the line V TR also 
represents a linear temperature scale for the beginning of the I BL curves. There- 
fore, it can be easily marked to indicate 5 or 10 degree increments. Then, using 
the given curves as a guide, additional curves can be drawn at desired junction 
temperatures. 

Since most data sheets do not specify the base leakage current, it must be 
estimated from I CB0 and I EB0 specifications. However, to estimate the worst-case 
I BL from I CB0 and I EB0 specifications, the worst-case values of these specified 
leakage currents must be determined at the desired operating conditions. 
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3-2 — Factors Contributing to Leakage Currents in a PN Junction* 

Whenever a semiconductor PN junction is reverse biased, a reverse or leak- 
age current (I R ) flows across the junction. The reverse current is the sum of 
three currents: I D , due to the diffusion, I G , due to charge generation and I s , due 
to surface leakage. Therefore: 

I R = I D + I G + I S . (3-1) 

The diffusion current, (I D ) is caused by minority carriers diffusing across 
the junction. The total quantity is dependent upon temperature and is relatively 
independent of the applied voltage. The terminal current, due to I D , can be 
found from the "ideal diode" equation 



qV 

I = I D (e"" 



1) 



where : I = the diode current 

I D = the reverse diffusion current 
q = electronic charge } 



(3-2) 



= 26mV@27°C(300°K) 



k = Boltzmann's constant 

T = Absolute temperature \ ** 

V = Applied voltage. 

A plot of equation 3-2, with I D taken as unity, is shown in Figure 3-4. The 
reverse voltage range above 0.1 volt is called the voltage saturation range since 
the current essentially becomes constant with voltage. For this reason, I D is 
sometimes referred to as the reverse saturation current. 
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Figure 3-4 — Behavior of the Ideal PN Junction in the Reverse Direction 

► See Reference Number 1. 
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The reverse current due to I D is only constant with voltage in junctions in 
which the high resistivity side is very wide. This situation is normally not often 
encountered even in diodes, as wide high resistivity regions are a source of volt- 
age drops. However, as pointed out in Chapter 1, standard mesa types do have 
a wide high resistivity collector region, and therefore, have a reverse leakage 
current due to I D which is constant with voltage. The width of the high resistivity 
layer is narrow in most devices, and an analysis of the PN junction shows that the 
reverse current is proportional to the electrical junction width ( W) . 

W = W - x m 

where W = the effective junction width 
W = the physical junction width 
x m z= the depletion-layer thickness. 

The depletion layer thickness (x m ) varies as the square, cube or in general the 
nth root of applied voltage depending upon the type of junction, i.e.,x m oc -^/V. 
Therefore, to account for these effects, write 



I D (W) = I D (W„) 
Substituting the previous relations: 



W 

w 



! _ Id (W ) (e M_i). < 3 " 3) 

1 — — Mr 

w v 

where K signifies a transistor constant based upon depletion layer spreading. 

This correction factor causes a finite slope to appear on the reverse char- 
acteristic as shown in Figure 3-5. This plot was determined with n = 2, which 
applies to a step (alloy) junction. The variation of I D with voltage is less severe 
for the graded junction where n = 3. 

Note as the voltage becomes large, the current increases rapidly. This occurs 
because the junction width is becoming extremely small. The point where the 
junction width becomes zero is called the punch-through voltage (V PT ). 

The diffusion current is the dominant leakage current in germanium devices, 
particularly at high temperatures. However, in silicon devices the charge genera- 
tion current, due to impurity ions in the depletion layer, is the dominant tempera- 
ture sensitive current. It is proportional to the width of the depletion layer and 
is given by 

I G = KyKj ^V (3-4) 

where: I G = charge generation current 

K v = an empirical factor which approaches unity for 

voltages greater than 0. 1 volt 
K : = a proportionality constant determined primarily 
by geometry, resistivity, and the impurities in the 
depletion layer 
V = applied voltage 
n = exponent describing depletion layer behavior. 
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Figure 3-5 — The Effect of Voltage on the Reverse Current Due to 
Diffusion 
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Figure 3-6 — Effect of Reverse Voltage Upon the Reverse Current Due to 
Charge Generation 

Figure 3-6 shows the behavior of the charge generation current with voltage 
which is quite different from that of the diffusion current shown in Figure 3-5. 

These currents (I D and I G ) are often referred to as the bulk leakage currents 
as they originate in the body of the semiconductor material. Both I D and I G in- 
crease rapidly with temperature as shown in Figure 3-7. A rough "rule of thumb" 
is to describe the bulk current increase as doubling every 10°C. 
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Figure 3-7 — Theoretical Variation of Bulk Reverse Current with 
Temperature 

The remaining contributing factor to reverse current is surface leakage 
(I g ) which appears as an additive component to I D and I G . The surface leakage 
current may be considered as resulting from a resistance path across the junction. 
Since the factors contributing to I s are resistive in nature, the value of I g is voltage 
dependent; at high voltages it can add considerably to the total reverse current. 
Surface leakage may be considered to increase with temperature at about one- 
half the rate of the bulk leakage current. A graph of I g vs. temperature based 
upon this premise is shown in Figure 3-8. This graph is only an estimate of I s 
and should be used with discretion because in some transistors, surface leakage 
may change radically at certain temperatures or voltages. 

Generally, at room temperature, the bulk current may be swamped by the 
surface leakage current which is comparatively independent of temperature. But, 
at higher temperatures, the diffusion and charge generation currents become 
dominant because they increase rapidly as temperature increases. 

Increases in reverse current due to avalanche multiplication should also be 
considered. Avalanche effects are considered more completely in the latch-up 
section. For now, it is sufficient to establish that as the reverse voltage across a 
junction increases, the carriers are accelerated by the increased field to the point 
where some of them have sufficient energy to break valence bonds, thereby gen- 
erating additional electron hole pairs. Given sufficient voltage, the current be- 
comes very high and the junction is said to have "broken down". 

As the breakdown voltage is approached, the leakage current begins to in- 
crease rapidly. This increase is designated by the multiplication factor (M). The 
multiplication factor is a property of the bulk current only (I D or I G ) and does 
not affect the surface leakage current. Whenever estimating a reverse current 
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Figure 3-8 — Behavior of Surface Leakage Current with Temperature 



3.0 



S 2. 

g 



< 

H i. 



S 0.5 





1 I 1 1 














M = 


1 


N - TYPE 


P-TYPE 




1 - (V/V B )'" 


GERMANIUM 


m = 3 


m = 6 














SILICON 


m - 4 


m = 2 






























^ <> 


V^ 




















\J^^ 

















































0.2 



0.4 



V/V F 



Figure 3-9 — Multiplication Ratio 



50 



Transistor Characteristics Influencing Off Condition Design 



at a higher voltage from that at which it was specified on the data sheet, this in- 
crease in leakage current due to multiplication must be considered. The empirical 
relationship between V B and M as developed by Miller 2 is given and values are 
plotted in Figure 3-9. To use the chart, it is necessary to know whether the 
avalanche effect is occurring in the N or P region. That is, whether a transistor 
structure is basically of the alloy type, where breakdown occurs in the base, or 
of the mesa type, where breakdown occurs in the collector, must be known, as 
discussed in Chapter 1. When calculating the effect of M, the actual avalanche 
breakdown voltage (V B ) must also be known. The breakdown voltage (V B ) does 
vary with temperature. In devices having a breakdown greater than 6 volts, V B 
increases with temperature so that for a given voltage, M would effectively de- 
crease with temperature. Therefore, the added complication of V B varying with 
temperature need not be considered when estimating I CB0 at high temperatures 
from a low temperature value. 

SUMMARY OF FACTORS CONTRIBUTING TO LEAKAGE CURRENTS: Three com- 
ponents of current need to be considered in describing reverse current behavior of 
a PN junction, (1) the bulk current due to diffusion (I,,) which is dominant in 
germanium devices and insignificant in silicon devices, (2) the bulk current due 
to charge generation (I G ) which is noticeable in silicon devices but insignificant in 
germanium devices, and (3) the surface leakage (I s ) which affects both silicon 
and germanium devices, but is a more noticeable factor in silicon. 

The bulk currents are primarily temperature sensitive, but are affected by 
voltage, which changes the depletion layer and causes avalanche multiplication. 
The surface current is primarily voltage sensitive, but generally shows some slight 
increase with temperature. 



3-3 — Predicting Worst-Case Icbo 

Utilizing the background of factors contributing to leakage currents estab- 
lished in the preceding paragraphs, several examples* of how to obtain a worst- 
case value for I CB0 from the information provided on the data sheet will be given. 

For the first example, consider the worst possible condition where I 0B() is 
specified at only room temperature, as is the case with the 2N962, a PNP ger- 
manium epitaxial mesa transistor. 

EXAMPLE 1-A: 

Specified:T CB0 @ 6 V and 25°C = 3 M A 

BVobo @ 100 ^A and 25°C = 12 V. 
Obtain: Icbo @ 9 V and 65°C. 

From the limited information provided, to be absolutely safe, it should be 
assumed that the I CB0 specified in this case is bulk current. Since this is a ger- 
manium device the bulk current is a diffusion current. 

*In these examples, a desired value or condition will be designated by an (*), while a specified value 
or condition will be designated by an ('). A bar over a term indicates a maximum value, a bar under 
a term indicates a minimum value, and a tilde indicates a typical value. 



51 



Transistor Characteristics Influencing Off Condition Design 

1. From Figure 3-7 read the temperature ratio 

^•2-(atT = 65°C) = 22. 

2. From Figure 3-9, obtain the multiplication ratio at the specified voltage 
and at the desired voltage. The 2N962 is a germanium PNP mesa type. 
Therefore, breakdown occurs in the P-type collector and the m = 6 
curve should be used. It is not possible to factor in the depletion layer 
effects. 

Assume BV CB0 = V B 

(Vyy B = 6/12 = 0.5 and V*/V„ = 9/12 = 0.75 
M'= 1.0 @ 6V 
M* = 1.2 © 9 V. 



(£)(£) 
(£)=■ 



7 1* T' 

J - l CBO — l 

Therefore: 

T CB0 =(3) (22) (4^1 =79^. 



EXAMPLE 1-B: Consider this same transistor with more complete I CB0 specifica- 
tions. Assume that I CB0 had also been specified at 1 volt as 1 ^A. At this low 
voltage, M = 1 and surface effects can be assumed negligible. With this amount 
of information, the leakage current can be separated into the bulk component I D , 
and the surface component I s . This should provide a more realistic value for 
I CB0 since the surface component is not affected as greatly by temperature as is 
the bulk component. 

1. The bulk component (I D ) at 6 volts would be 

I D = I CB0 (at low voltage) times M (M at 6 V was determined in the 

previous example) 

7 D = (l)(1.0)=1.0 /t A. 

2. Therefore, the remainder of the 3 pA would be surface current. 
F s =:3 — 1.0 = 2.0 ^A. 

3. The bulk saturation current I D at the desired condition (9 V and 65°C) 
can be calculated from 

I* D = (1.0) (22) (-L1) = 26.4 ^A. 

4. The surface leakage current (I s ) , at the desired voltage, can be calculated 
by assuming surface leakage is caused by a linear resistance. 

P 



I* s =(2.0) L-L-\ =3.0^. 
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Modifying this value to include temperature effects: 
From Figure 3-8 

I*s/I's= 3.5at65°C. 
then: I* s = (3.0) (3.5) = 10.5 
I CB0 is equal to the sum of the leakage currents. Therefore, 



I* 



P 



I*. 



cbo — L d ~r *■ s 
T CB0 — 26.4 -f 10.5 = 36.9 M A. 

The above approach assumes that the surface component does not increase 
excessively with voltage or temperature and that BV n!0 is the true avalanche 
breakdown voltage. If desired, the calculations can be made at several conditions, 
and a maximum curve of I CB0 plotted. 
EXAMPLE 2: A 2N834 NPN silicon transistor is used in this example. 

Specified: T rB0 = 0.5 p.A © 20V and 25 °C 
T CBO = 30 ^A @ 20V and 150°C 
BV CI!0 = 40V @ 10 ^A and 25 °C. 
Obtain: T CB0 at 100 C C and 30 V 
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Figure 3-10 — Icbo Behavior for a 2N834 Transistor 



This device has enough information provided to accurately predict the be- 
havior of I CB0 . Using the I CB0 graph from the data sheet (Figure 3-10), the two 
given maximum I CB0 points are plotted and a curve is drawn connecting the two 
points. This provides a maximum curve at 20 volts. To construct a 30 volt curve, 
the avalanche,depletion layer and surface effects must be included. (Note: if the 
high temperature point had not been specified, it would be necessary to assume 
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that the room temperature value of 0.5 pA is all charge generation currents which 
would result in a curve parallel to the typical curve. This is shown by the dashed 
curve which would have resulted in an I CB0 of ten times the actual specified 
value at 150° C). 

1. Obtain the avalanche multiplication ratio from Figure 3-9. Since this is 

an NPN silicon mesa structure, breakdown occurs in the N-type collector 

and the m = 4 curve is used. 



v* 
Yb" 


30 

— 40 : 


= 0.75 


and 


V 
Yb ~ 


20 
40 


= .5 




". M* : 


= 1.5 




.\M' 


f 


1.05 


The avalanche multiplication ratio 


is 










M* 


1.5 


= 1.43 








M' ~ 


1.05 





2. As previously discussed, the depletion layer effect must be considered for 
a silicon device. The depletion layer factor is (using square root behavior 
to be safe) 

/~V* /~30 

3. A leakage current specified at high temperature is primarily composed of 
the bulk current. Therefore, to predict I CB0 at 30 V and 150°C, it can 
be assumed that the leakage current specified at 150°C is entirely bulk 
current. To determine the high temperature point on the maximum I CB0 
curve at 30 volts, multiply the given I CB0 conditions by the correction 
factors calculated in steps 1 and 2. 

Pcbo = i ' cbo (m^](\v 7 ) 

Icbo = (30) (1.43) (1.22) = 52 ^A at 150°C. 

4. The I CB0 specification at room temperature is almost entirely surface 
leakage which may be taken directly proportional to voltage. To calculate 
the surface component at room temperature, observe from Figure 3-7 
that I G (150°C) = 1500 I G (25°C) . 

Thus, I Q (25°C) = ^g^ = 20 nA. 

Even when multiplied by the factors due to avalanche multiplication and 
the depletion layer, I G is certainly small compared to the specified maxi- 
mum of 500 nA. Therefore I CB0 equals the surface component at 25 °C 
which can be calculated as 

I* B (25°C) = I' 8 (25°C) ^ = 500 |£ = 750 nA 
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Using the points calculated in steps 3 & 4, construct the curve of I CB0 at 30 
volts as shown in Figure 3-10. 

The required I CB0 conditions for this example are 100°C and 30-volts. 
From the 30-volt maximum curve just drawn I CB0 is equal to 5 fiA. 

EXAMPLE 3: a 2N2222 NPN "Star" silicon transistor is used. 

Specified: T CB0 = .01 ^ @ 50 V and 25 °C 
T CB0 = 10 fiA @ 50 V and 150°C 
BV CB0 = 60 V @ 10/iA and 25°C 
A typical curve of I CBO @ 50-volts is given. 
Obtain: T CB0 @ 10 V and 100°C. 

Since an I CB0 graph is provided (Figure 3-11), these two given maximum 
I CB0 points are used to draw a maximum curve. Compared to the typical curve 
provided, the high temperature maximum point appears to be unreasonably high. 
This could be due to the manufacturer allowing an extra guardband margin, or 
it could be due to abnormal surface leakage. However, the straight line curve 
through these two points does provide safe working values. Since the required 
I CB0 is at a lower voltage than that specified, it is conservative to neglect the effects 
of avalanche multiplication and surface leakage. From the constructed curve, 
I CBO at 100°C and 50 V = 800 nanoamps. Since the desired I CB0 is at a voltage 
lower than the specified I CB0 . a cube root function for depletion layer correction 
will give a conservative value. Therefore, I CB0 at 100°C and 10 V (the desired 
condition) is given by 



T* 

1 CBO 



3 /V* 7/ 3 / 10 

= \7 — 7 I cbo = \J — (800) = 470 nanoamps. 
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Figure 3-1 1 — Icbo Behavior for a 2N2222 Transistor 
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The three examples have illustrated how to estimate a maximum working 
value for I CB o> ar >d should cover a broad range of conditions for which a max- 
imum value of I CB0 must be obtained. 



3-4 — Predicting Worst-Case Iebo 

In general, the same principles that were used to estimate the worst-case 
I rBO also apply to estimating I EBO - However, since I EB0 is_seldom specified on the 
data sheet, it is considerably more difficult to determine I EBO - Transistor theory 
will be of some help in this instance. To estimate the leakage current due to the 
diffusion component (germanium), use the following relationship which was 
developed by Ebers & Moll 3 . 

«i!cd = ar N I E D (3-4) 

where I 0D — collector diffusion current 
I ED = emitter diffusion current. 

The forward current gain (ay) can be considered as unity and the following 
values for « r are useful as a "rule of thumb": 

0.8 — uniform base alloy 
0.5 — diffused base alloy 
0.3 — diffused base mesa. 

As previously discussed, the charge generation current (I G ) in silicon devices 
is proportional to the width of the depletion layer. In an alloy type, the base sus- 
tains the depletion layer caused by reverse bias on either junction. 

• *• Ieg = Icg wh en V CB = V EB 
where I E6 = emitter charge generation current 

I CG = collector charge generation current. 

In mesa types, however, the depletion layers extend into the collector for 
reverse collector voltage and into the base for reverse emitter voltages. Since the 
collector resistivity is high compared to that of the base, the depletion layer is 
much wider in the collector than in the base. A useful "rule of thumb" for silicon 
mesa devices is: 

I EG « 0.1 I CG when V 0B = V EB . 

Since, at high reverse voltages, the depletion layer and avalanche effects in- 
fluence the bulk current, these equations should only be used at low voltages. The 
effect of depletion layer can be included for high emitter voltages by using the 
square root behavior, regardless of the type of device. 

In order to include the effects of avalanche multiplication, the avalanche 
breakdown voltage must be known. For uniform base alloy types, the emitter and 
collector breakdown voltages are, of course, identical. Usually, in high frequency 
mesa types, the breakdown voltage of the emitter is between 6 and 10 volts. 

56 



Transistor Characteristics Influencing Off Condition Design 



Surface leakage is often a problem with diffused base transistors having an 
alloyed emitter. To estimate the I EB0 surface leakage current, determine a very 
pessimistic value for the base-emitter junction surface resistance from 

BVebo 

To T 



where I E indicates the current at which BV E 

With a value for r„, the surface leakage currents at various base-emitter volt- 
ages can be estimated from I s = V 0B /r s . This surface leakage current can then 
be modified for temperature effects as described for I C bo- 

EXAMPLE 4: Determine I KRO for a 2N962 germanium transistor at 0.5V and 65°C. 
This is the transistor that was used in example 1-B for calculating worst-case I CB0 
at 9.0 V and 65 °C where it was assumed that I rli0 was specified at 1 volt. 
The data sheet specifies: BV EBO = 1 .25 V @ 100 ^A. 

1. Obtain I rD at a low voltage where avalanche and depletion layer effects 
are negligible. 

This device had an I CB0 specified as 1 ^A at 1 volt and 25°C. An I CB0 
specified at this low voltage can be considered as bulk leakage current. 
Therefore, I' CD = 1 p.A 

2. Obtain I CD @ 65 °C. 

The temperature correction ratio was determined from Figure 3-7 to 

be22at65°C. 

Therefore, I* CD at 65 °C = 1 (22) = 22 M A. 

3. Determine I ED using the appropriate relationship 

T — T ai 

ai « 0.3 for mesa transistors, a x may be taken as unity 
.M* ED = (22)(0.3) = 6.6 / xA 

4. Determine the emitter-base junction surface resistance. 

rs = 5XS20 = _m_ = 12.5 K 
I E 100 /xA 

5. From Figure 3-8 determine the temperature correction factor for the sur- 
face leakage current. 

i^ = 3.5at65°C 



- s 



6. Determine I* 



ES- 

"f* v ob v I*s 0-S (3 s -. _ 1A() . 

Ies - r s X I' s - 12500 (J ' i} - 14U/iA 

7. Determine I EB0 - 

I^BBO = I'"eD "f- I*ES 

T EB0 = 6.6 + 140 = 146.6 /J.A. 

The unrefined method used to estimate r s results in large surface leakage cur- 
rent, but unless more data is available, this method must be used in order to be 
safe. 
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3-5 — Transistor Cut-Off Behavior With Both Junctions 
Connected 

When both junctions are reverse biased, it would normally be expected that 
the reverse currents of both junctions would simply add in the base terminal. 
This is not completely true, because the current due to diffusion is affected by tran- 
sistor action. Therefore, before calculating the base leakage current (I BL ), an 
analysis of the ideal transistor with both junctions reverse biased is discussed in 
this section. It will be helpful to refer to Figure 3-1 as it indicates the sign conven- 
tion used. 

The leakage currents flowing in the collector and emitter circuit legs have 
been thoroughly analyzed by Ebers and Moll for an ideal transistor which follows 
the diffusion equations and which has no surface leakage. They found that: 

ai^oD = «nIed- (3-5) 

and with both junctions reverse biased : 

I c = Ic f (1 ~ ai J (3-6a) 

1 — «i an 



(3-6b) 



T __ Ied (1 — «n) 

*E — < • 

l — a.\ an 

Where : I c = Collector current 

I E — Emitter current 

I CD = Bulk saturation leakage current, due to 

diffusion, of the collector-base junction with 
the emitter open 

I ED = Bulk saturation leakage current, due to diffusion 

of the emitter-base junction with the collector open 

ai = Inverted current gain (I E /Ic) (collector used as emitter) 

a N = Normal current gain (Ic/Ie). 

By combining equations 3-6a and 3-6b the base current (I B ) can be ex- 
pressed by: 

j Icd (1 — «i) + Ied (1 — «n) (3-7) 

1 — o?n oi\ 

The behavior of I and I B with changes in « N and aj is complicated to visual- 
ize from the equations and, therefore, is shown in Figure 3-12. Equations 3-5, 
3-6a and 3-7 have been combined and arranged so that I c and I B are expressed in 
relationship to a normalized I CD . 

From Figure 3-12, it is evident that for any reasonable fi, I B is minutely 
greater than I CD , regardless of on- However, I c is always less than I CD and may be 
significantly less when ft is low and ai high. 

From the preceding discussion, the following can be stated: 

Icd + Ied > I B ^ I C d > Ic > Ie- (3-8) 

* See Reference Number 3 and Appendix I. 
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The above statement is based upon an analysis of only the diffusion currents 
of devices and is true only when sufficient reverse bias is present on both junctions. 
It also assumes that as > aj, a condition always fulfilled. 

The effect of changes in reverse bias voltage upon leakage currents of a 
germanium transistor is illustrated in Figure 3-2. Several important points on the 
figure can be found from Ebers and Moll's work. It can be shown that when 
V BE = 0: 



Ir,= 



CD 



a N ai 
<*i Icd 



1 



a N ai 



(3-9) 
(3-10) 



The equation for I E has a negative sign indicating that injection is taking 
place. That is, the net emitter current is opposite in sign to the leakage current. 
An example is informative. Take: « x = 0.8, ai = 0.4, I CD = 1 ^A and I BD = 
0.5 fnA. I c calculates to be 1.47 /tA and I E = — .59 ^A. The base current is 
0.88 //A. With V BE = 0, I c is greater than I^ and I B is less than I CD . Note this 
condition on Figure 3-2. I c would become higher as on and as approach unity. 

At some small reverse voltage (<£ TR ) between and V TR , I B = I CD . This 
voltage can be found by setting I B = I CD and solving for V BE in Moll's general 
equations. This theoretical voltage is often referred to as the reverse threshold 
voltage and is given by 



kT 1 

<£tr — -— l n JT~~ 7 
q (1 — ay) 



(3-lla) 
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Figure 3-12 — Effect of Gain on Reverse Current 



59 



Transistor Characteristics Influencing Off Condition Design 

or in terms of p 

kT 

TH = — In (1+0). (3-1 lb) 

Hi 

When V BE = <f> TR , I c = I B = I CD and I E = 0. The voltage </> TR calculates 
to be in the range of 0.1 to 0.2 volt for practical values of p. According to equa- 
tion 3-11, (£ TE increases 86 ^V/ C which is a negligible amount. V TK , the voltage 
which reduces I c to its minimum value, is a slightly larger reverse voltage than 
<£ TE at high temperatures. At low temperatures the diffusion current is masked by 
the effects of the surface and charge generation currents, which effectively moves 
V TK in the forward direction. 

One further condition is of interest, the condition when I B = 0, which occurs 
when the base circuit is open. Under these conditions 



ln[l + a * (1 - ai > 1 (3-12) 



and I = . IcD (3-13a) 

1 — a N 

or in terms of p 

I = I CD ( / 3+ 1). (3-13b) 

This condition could hardly be considered off and I will increase very 
rapidly with temperature and voltage. This point is near, and sometimes it may 
be convenient to consider it as, the threshold of forward conduction, (V TF ). A 
plot of equation 3-12 is shown in Figure 3-13. 

Since transistor action does not influence the charge generation process, the 
emitter and collector charge generation currents should simply add, at the base 
terminal. Measurements have indicated, at temperatures where I s is insignificant, 
that: 

Ic = IcG = IcBO ar >d I B = IeG + IcG- 



Figure 3-14a shows that, for a silicon transistor, the collector current does 
not begin to increase significantly until the forward bias exceeds 0.1 volt. This 
occurs because the injection current, which is determined by I D , is extremely 
small at this small forward potential and is masked by I G . Therefore, for silicon 
devices, V TR can be considered as 0. However, at very high temperatures, the 
diffusion current can be significant because the diffusion current increases at 
a faster rate, with temperature, than does the charge generation current. (See 
Figure 3-7.) Therefore, at temperatures near 200°C, a minimum reverse bias of 
0.1 to 0.2 volt may be required with silicon transistors to keep leakage current 
at a minimum as Figure 3- 14b shows. 

Surface leakage may be regarded as a resistor connected externally to the 
transistor. As such, it simply adds a component of current and is considered in 
much the same way as the charge generation current. Both the charge generation 
and the surface currents mask the diffusion current and give an apparent shift 
of the threshold voltage in the direction of forward bias which becomes par- 
ticularly evident at low temperatures. 
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Figure 3-13 — Base-Emitter Voltage with Base Open 
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Figure 3-1 4a — Effect of Base Voltage Upon Transistor Current in the 
Cut-Off Region of a Silicon Transistor 
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Figure 3-1 4b — Effect of Base Voltage Upon Transistor Current in the 
Cut-Off Region of a Silicon Transistor 



3-6 — Estimating the Base Leakage Current (Ibl) 

From the foregoing discussion, it may be stated that a transistor switch 
should normally be operated with a few tenths of a volt reverse bias, from base 
to emitter. 

With both junctions reverse biased, it has been shown that I B *» Icn when 
diffusion currents only are considered. The effects of charge generation and 
surface leakage are additive so that the base current is approximately equal to: 

Ibl = Icd + Icg + Ics + Ieg + Ies (3-14a) 

or 
Ibl = Icbo + Iks + he- (3-14b) 

EXAMPLE 5: 
Determine I BL @ 65°C, V CE = 9V, V 0B = 0.5V; for the 2N962 transistor. 

I CB0 = 36.9 ,itA @ 65 °C and V CE = 9V (From Example 1-B) 

I Eg = 140 /jA @ 65°C and V 0B = 0.5V (surface component of I EB0 
from Example 4) 

I EG ^ (for germanium devices) 

.M BL =36.9+140=176.9^. 
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3-7 — Relationship of Voltage Breakdown and Switching 
Load Lines 

The conventional methods of specifying transistor voltage breakdown do 
not provide the designer very much data to actually determine that a switching 
load line will remain free of the avalanche voltage breakdown region. Although 
the BV CB0 specification does provide a maximum collector voltage limit, there is 
no assurance that the voltage-current excursions of a switch being turned off to 
BV,. B0 will not enter the avalanche region. Figure 3-15 is a comprehensive 
transistor characteristic graph showing the avalanche region characteristics in 
addition to the normal operating characteristics. The breakdown characteristics 
switch back from BV CB0 towards BV CE0 . 




Figure 3-15 — Comprehensive Transistor Characteristics 

If the load line of a switching circuit intercepts any of these curves in the 
breakdown region, it is possible that a stable operating point will result in the 
breakdown region. Examine the turnoff of a transistor switch with load line I 
and an on point at A. As drive is reduced, the operating point moves down the 
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load line, each intersecting point corresponding to an intersection of the load line 
with a collector current line determined by the base current at that instant. 
When I R = 0, operation is at Point B, in the avalanche region. However, as 
reverse base current is increased to the final value I ]n , operation moves to Point 
C in the cutoff region. Examine load line 11 with an on condition point of A'. As 
current is reduced to zero, operation moves to B' in the avalanche region. How- 
ever, in this case the application of reverse bias which has the same final value of 
I R1 only moves operation to B" in the avalanche region instead of to the desired 
off point, C. The transistor is then in a condition which is called latch-up as it 
is locked at a stable on point in the avalanche region. The collector voltage has 
not reached the desired off value and the collector current is much greater than 
1 CL . Latch-up not only causes circuit malfunction, but could result in damage to 
the transistor, if the product of voltage and current at the point of latch-up is 
high enough to exceed the power ratings of the transistor. To allow the transistor 
to turn off, the reverse base current is increased to l 1V2 . There is now only one 
intersection of the load line with the base current curve and it is at point C". 

Since breakdown voltage specifications alone are not sufficient to forecast 
"latch-up" conditions, charts similar to the one shown in Figure 3-16 have been 
devised to provide a method of checking switching circuit load lines. This chart 
has three discrete areas indicated (1) a safe or latch-free load line area, (2) a 
conditionally safe area of operation, and (3) a forbidden or latch-up area. 

The part of several representative load lines during turn off are shown on 
Figure 3-16 which applies to a 2N964A transistor. Load line "A" is a resistive 
load line and it lies entirely within the latch-free load line area. Load line "B" 
is also a resistive load, but it transverses the conditionally safe area, and could 
cause trouble if the fall time of the output pulse exceeds 15 nanoseconds. Load 
line "C" is a capacitive load line (collector current leads the collector voltage). 
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Capacitive load lines, generally, are latch-free since they have a shape such that 
they slip under the conditional area. Increasing turn off current (I B2 ) increases 
the capacitive effect. 

Load line "D" is an inductive load line because voltage leads the current. 
It also exhibits an inductive "kick". To be trouble-free, the fall time must be less 
than 15 nanoseconds. However, if the fall time is slower than 15 nanoseconds, 
latch-up conditions would depend upon the resistive component of the load 
line. For example, if the resistive component is load line "A", there will be a 
temporary latch-up condition until the energy in the inductance is dissipated. 
This temporary latch-up would result in an abnormally long fall time and con- 
siderable peak power dissipation. However, the transistor would eventually turn 
off. 

The remaining load line "E" is the load line of an output circuit which uses 
a clamp diode to establish the off level. Since this load line lies within the con- 
ditionally safe area, the fall time must be less than 15 nanoseconds. 

If an Area of Permissible Load Loci Chart is not supplied, one can be con- 
structed by conducting tests on some low voltage transistor samples. Generally, 
it is necessary for the circuit designer to check individual circuits, using low limit 
BV CE0 samples to determine if latch-up can occur. To provide a more complete 
picture of the relationship of transistor voltage breakdown ratings and latch-up, 
the following section is a brief review of voltage breakdown in transistors. 

3-8 — Avalanche Breakdown Theory 

Avalanche breakdown occurs when the reverse bias applied to a semicon- 
ductor junction produces an electric field in excess of approximately 10 5 volts 
per centimeter. Under this condition, carriers are accelerated sufficiently to 
excite additional carriers by impact ionization with the atoms in the crystal lat- 
tice. Since this occurs at high fields and therefore high carrier velocities, recom- 
bination can be neglected, and the effect is regenerative. 

This process can be described by the multiplication factor previously dis- 
cussed (M) which Miller 2 has shown to be approximately 

1 



M: 



1 



w 



m (3-14) 



Where: V= the applied voltage 

V B = the avalanche breakdown voltage (See Note 1) 
m = empirical determined constant 

A graph of this relationship is shown in Figure 3-9, where M is plotted as a 
function of the voltage ratio V/V B . As V —> V n , M increases without limit. 

Note 1 

The actual collector-base breakdown voltage is defined as Vb and the collector-emitter break- 
down as Vajj. These terms refer to the true breakdown voltages, i.e.. to a voltage which will cause 
an infinite, or nearly so. increase in current if exceeded. It is common to measure Vb in a circuit 
with the emitter open and with a constant current forced through the junction. This is called a BVcbo 
test. Note, however, from Figure 3-15, that the current used for the test must be large enough to put 
the operating point over the knee, or the true breakdown voltage, Vb will not be measured. The same 
general comment is true regarding BVcko and Va\i. Both BVcbo and BVceo represent a locus of 
points, while Vb and Van represent a definite breakdown voltage. 

Tests designated BVckx and BVcek are also used. The symbol x indicates some reverse bias 
and resistance are used from base to emitter (which must be specified) while R indicates a resistance 
alone is used. 
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When a transistor is operating in the common emitter connection, the effects 
of M become serious at relatively low voltages. This is because M effectively mul- 
tiplies the current gain, a . Under conditions of zero or forward base current, the 
collector current becomes 

I C =T^M^ I b + I cl)- (3-15) 

When I B is zero, the collector current is larger than the reverse current of 
the diode alone, by a factor somewhat larger than that of the common emitter 
current gain. As a M approaches unity I c increases without limit. Using equation 
3-14 and solving for the collector voltage (V aM ) where «M = 1, it is found that: 



\ ni = \ n (l- a )^" 



In terms of common emitter gain: 

V nv : 



(3-16a) 



(3-16b) 



:V B /( i 8+ 1 )»/■". 

The significance of this equation is shown in Figure 3-17. In some cases, 
V aM is a small fraction of the collector diode breakdown V B . 

When «M is greater than unity, base current must reverse in order to hold 
I c , as given by equation 3-15, to a constant value. Thus, a family of collector 
characteristics exists for reverse values of base current, as previously shown on 
Figure 3-15. Therefore, voltages in excess of V OM definitely place operation in 
the avalanche region of the transistor's characteristics. However, operation in 
the avalanche region will not cause latch-up, unless a stable operating point is 
found on the avalanche characteristics. 

Switching speed, as well as the amount of turn-off bias and the shape of the 
load line, has been observed to affect latch-up. The picture thus becomes complex 
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Figure 3-1 7 — Relationship of Va to V B 
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but a few ground rules can be given which will be of assistance particularly if a 
latch-up chart is available. 

High current, slow speed switching over resistive or inductive load lines 
should not allow v CE to exceed V aM . Fast low current switching, particularly in 
circuits having capacitive load lines, can often safely allow voltages up to V B to 
be used. It would be well to check any circuit where v CE exceeds V aM for the 
possibility of latch-up using transistor samples with V aM at the low limit. The 
circuit should be arranged for worst case circuit conditions which are: 

1 ) Highest temperature 

2) Minimum turn-off drive 

3 ) Maximum collector supply voltage 

4) Loads which produce a load line that is most inductive in shape. 
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CHAPTER 4 

Transistor Characteristics Influencing 
"on" Condition Design 

In Chapter 2, the operating conditions, in terms of collector voltage and 
collector current, for the three modes of transistor switching operation were 
outlined. A brief review of these operating conditions (Figure 2-1) reveals that 
the primary difference between the three modes of operation is in the on condition. 
In saturated-mode circuits, the transistor is driven into the saturation region. 
In current-mode circuits (and other non-saturated circuits) the on operating point 
is generally close to, but not within, the saturation region. Therefore for saturated- 
mode and current-mode circuit design, the transistor's characteristics in or near 
the saturation region must be thoroughly defined. 

The on condition for avalanche mode circuits is considerably different 
from the previous two modes of operation and therefore must be treated as a 
special case. The avalanche-mode on condition is discussed completely in Chap- 
ter 9. 

In this chapter, the circuit design requirements as related to the saturation 
region are discussed. The first section of this chapter covers the on condition 
characteristics of the transistor and introduces several new graphs which ex- 
plicitly define the transistor characteristics in saturation. Then, the theoretical 
principles upon which these graphs are based are discussed. Finally, since the 
concept of these graphs is new, a procedure is given for developing these graphs 
from data available on most data sheets. 

The on region of a saturated switch is characterized by the operating condi- 
tions in which the voltage across the transistor is at a minimum and the collector- 
current is at a maximum. The voltage and current conditions associated with a 
saturated transistor are illustrated in Figure 4-1 a . (Any saturated mode switching 
circuit can be reduced to this simple equivalent circuit). As shown, the transistor 
is turned on by a current I B supplied to its base causing a voltage SV 0B (col- 
lector saturation voltage) to appear across the output terminals of the transistor. 
The voltage SV CE is important because it determines power dissipation and sets 
a level which is coupled to succeeding stages and must be considered in the design 
of the following stage's input network. This voltage is determined by the transistor 
characteristics in the saturation region which are primarily functions of the 
collector-current (I c ) and the turn-on current (I B ). 

Since switching circuits operating in the saturated mode are concerned 
mainly with the transferring of information contained within distinct voltage 
levels, it is usually desired to maintain SV CE below a specified limit at a particular 
collector current. To maintain this specified limit, a minimum drive current (I B ) 
must be supplied under the anticipated worst-case operating conditions. 

Another voltage (V BE ) is developed across the base-emitter diode of an 

on transistor switch. This voltage is in series with V IX and opposes I B ; ie: 

(I B = V IN — V BE ). Therefore, the worst-case condition of V BE must be con- 

sidered when determining the minimum base drive current (I B ). 
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*r\ 



cc 



€H 



a) Saturated Mode 




b) Current Mode 



Figure 4-1 — Basic Switching Circuits 



For current mode operation, the voltage drops and currents associated with 
the on condition are illustrated in Figure 4-1 b. When the current mode switch 
is turned on, the diode (D,) must be non-conducting. Therefore, in this circuit 
the voltage at Point "A" must be negative with respect to ground. This require- 
ment is met when V IX ^> V BE -\- R K I B . Thus, in current mode design, as in sat- 
urated mode design, the worst-case value of V BE is an important characteristic. 

In current mode circuits, the collector-emitter voltage for the on condition 
can be optimized for either maximum speed or for minimum power dissipation. 
If speed is the primary criterion, the collector-emitter voltage is high and, there- 
fore, is not generally near the saturation region. To minimize power dissipation, 
however, the collector-emitter voltage must be low, which dictates operation near 
the saturation region, but operation should never enter the saturation region if 
the penalty of storage time is to be avoided. Thus, for current-mode circuit de- 
sign, the edge of saturation must be thoroughly defined under worst-case con- 
ditions so that V cc and R c can be calculated to keep V rE above the saturation 
level. 

Therefore, to design the on state for either saturated-mode or current-mode 
switching circuits, the SV CE and V BK characteristics of the transistor must be 
known well enough so that worst-case conditions can be determined. 

4-1 —The Collector Saturation Region 

Design of the switch on condition for saturated mode operation requires 
detailed information regarding the behavior of two specific transistor character- 
istics — namely: (1) forward current transfer ratio or dc current gain (/?) and 
(2) collector saturation voltage (SV CE ) . 

The dc current gain (8) is important because it predicts the input current 
(I B ) required to obtain a given value of collector current (I r ) as determined by 
the load. It is obviously desirable to have a high /3 in order to switch a large load 
current with a relatively small input current. 
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To characterize the variations of /? and V rE in the saturation region, char- 
acteristic curves as shown in Figure 4-2 are extremely helpful. To aid in inter- 
preting them properly and in applying the information to actual design examples 
in subsequent chapters, the following definitions are used: 



Current gain 

in the active region 

Current gain 

at the edge of saturation 



P = 



Je- 
ll. 



h 

Ib 



V rE is a specified voltage 
in the active or linear region 

V CE is the voltage where 



"° t saturation effects 
become noticeable 



Pf = 



Ic V CE is a specified 
saturation voltage 



Ip 



Current gain 

in saturation region 
or forced current gain 

In each definition I c must be specified. 

From Figure 4-2 it is evident that for any given value of collector current, f3 
(in the transition region) is quite high and is relatively independent of collector 
voltage. At the edge of saturation current gain has decreased slightly from ft to 
/J . As a transistor is driven deeper into saturation, by an ever increasing drive 
current (I B ), /? F decreases with the increase of I B , and SV 0E decreases. This de- 
crease in SV CE is limited only to a certain region of the curve; beyond this region 
SV CE remains relatively constant regardless of the value of I B . Thus, curves of this 
nature define the spread of I B over which some SV CE benefits can be obtained 
at the expense of /? F (circuit /?) , but beyond which any increase in I B (overdrive) 
will contribute only to an increase in stored charge which reduces circuit speed. 
Final selection ofl^* and SV rE naturally involves additional considerations such 
as noise voltages generated by a changing SV CE due to changes in the drive signal, 
transistor power dissipation, and input requirements of the following stage. A 
graph of this nature can help resolve these compromises. 



-t- I I I I I 

MOTOROLA TYPE 2N964A 




20 30 50 



Figure 4-2 — Collector Output Characteristics 



♦Note: A bar over a term is used to indicate a maximum and a bar under a term is used to indicate 
a minimum. 
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The curves in Figure 4-2 show maximum limit values of V CE for the 
Motorola 2N964A transistor for several values of collector current. However, 
these curves are plotted only for a specific temperature of 25 °C. For worst-case 
design purposes, it is necessary to know V CE — I B variations at a specific col- 
lector current and at limit temperatures. Such additional curves can be constructed 
from information regarding two points of the desired curve. 

To obtain the coordinates of these end points, data from two additional 
graphs is required. The active-region coordinates can be obtained from a graph 
of minimum /3 versus collector current at various temperatures, as shown in 
Figure 4-3 for the 2N964A transistor. 
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Figure 4-3 — Current Gain Characteristics for a 2N964A Transistor 



The coordinates are 



I„ = 



J8 



(4-4) 



V CB (specified) 



V CE is a collector voltage just above the edge of saturation at which p is charac- 
terized (as in Figure 4-3), and /? is derived from the curve of the applicable 
temperature limit at the desired collector current. 



The coordinates for the saturated-region point at 25 c 

j k_ 



and 



where 



= V P + R F I C 



(4-5) 



(4-6) 



/3 FS = a particular value of /} F which will provide a sufficient penetration 
of the saturation region to allow V CE to be linearly related to I c . 
Values of ft FS less than /? /2.5 are normally satisfactory. Reasons 
for this will be discussed shortly. 

V P = an effective transistor offset voltage 

R F = the effective bulk resistance of the collector and emitter 

I = the required collector current. 

♦See Fig. 1-9 and associated explanation. 
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For the 2N964A transistor a /J FS of 2.5 was employed and values for V P 
and R F are 0.15 and 2.2 respectively, as given in the inset of Figure 4-2. For 
transistors whose data sheets do not supply this type of information, the subse- 
quent sections provide background information with which approximate values 
can be obtained from normally specified data-sheet information. 

Equation 4-6 gives the coordinate for V CE at a temperature of 25 °C only. 
For other limit temperatures, the temperature coefficient of the saturation voltage 
must be added. Thus, 

SV CE (Tj) = SV CE (25°) + flvcCT, - 25°) (4-7) 

where 

SV CE (Tj) = collector-emitter saturation voltage at any given temperature 
SV CE (25°) = collector-emitter saturation voltage at 25°C 
8y C = temperature coefficient of saturation voltage. 
The saturation-voltage temperature coefficient curves for the 2N964A 
transistor are shown in Figure 4-4. 

Utilizing the points provided by the equations and graphs specified above, 
limit curves can be constructed for any temperature and collector current by 
connecting the end points with a curve of similar shape roughly paralleling the 
output characteristic curves as illustrated by Figure 4-2 for the 2N964A. This 
procedure is performed in detail in the inverter design example (Chapter 7). 
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Figure 4-4 — Temperature Coefficients 
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4-2 — Base-Emitter Saturation Considerations 

As was pointed out earlier, the design of the transistor input circuit requires 
a knowledge of the behavior of V BE , since V BE opposes the input signal voltage, 
thereby affecting the selection of R K for a desired I B . The voltage V BE is primar- 
ily a function of collector current and base-emitter junction temperature. Limit 
values of V BE for variations of collector current are plotted in Figure 4-5 and the 
base-emitter temperature coefficient is shown in Figure 4-4 for the 2N964A 
transistor. 
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Figure 4-5 — Input Characteristics 

It might appear reasonable that V BE is also a function of I B , so that the 
curve of Figure 4-5, which is based on an I C /I B ratio of 10, would not be valid 
for other points in the saturation region. However, the base resistance (r' B ) for 
a transistor when saturated is very low, due to the injection of carriers from the 
collector into the base. Thus, the input resistance is almost equal to the emitter 
resistance which is very small; therefore, variations of I B have little effect on V BE 
as will be shown. 

Maximum V BE occurs at minimum temperatures. Since Figure 4-5 shows 
maximum V BE at a temperature of 25 °C, a temperature coefficient curve is re- 
quired to calculate V BE at other temperatures . Therefore, 

V BE (T T ) = V BE (25°) + VB (T. T - 25°) (4-8) 

where V BE (Tj) = base-emitter voltage at minimum junction 

temperature 

V BE (25°) — base-emitter voltage at 25 °C 

# VB = base-emitter temperature coefficient. 

The foregoing method for determining SV rE and V BE involves the use of 
limit data and graphs which are not commonly given in all transistor data sheets. 
In the remainder of the chapter the validity of this method will be justified and 
a procedure for obtaining the required data, when it is not provided on the data 
sheet, is outlined. 
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4-3 — The Emitter-Base Junction 

The theoretical concepts given in this chapter are based on a dc analysis by 
Ebers and Moll 1 modified to include the effects of bulk resistances. Their model 
is similar to the one which was developed in Chapter 1 using an elementary 
analysis. For convenience, Ebers and Moll's equations were modified so that 
magnitudes only are used. Therefore, the resulting equations are valid for both 
PNP and NPN transistors without having to use negative numbers. Voltages of 
interest are shown on Figure 4-6. 




CE CE 



Figure 4-6 — Transistor Model Showing Voltage Conventions 

The voltage across a transistor emitter-base junction is given by the ex- 
pression 

kT 

D E = ' 



where 



* E = — ln^l + _ 1 _-J 



(4-9) 



(j> K = emitter-base junction voltage 
I E = emitter current 
I c = collector current 



«! — inverted current gain 



[f] 



(Collector acting as \ 
emitter and vice versa J 



kT 

= a common transistor expression f k = Boltzmann's constant 

" which has a numerical value of I T = absolute temperature 

26 mV at 27°C and increases [ q = electronic charge 

86^V/°C 

I ED = diffusion saturation current. 

Operation in the active region can be described by substituting for I its 
equivalent active region expression a x I E , which yields 

I E (1 — aia\) "I 

q L ' hi J 

This equation shows that the emitter-base junction voltage (<f> E ) necessary 
to produce a given emitter current (I E ) is largely dependent upon the diffusion 

* See Reference Number 1 and Appendix I. 



kT , r 

4>E = - r - ln 



(4-10) 
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saturation current (I ED ) and is modified slightly by the forward current gain 
(as) and the inverted current gain («i). The current I Er > is primarily dependent 
on the semiconductor material, the doping level (resistivity), the base width and 
the emitter area. For silicon, I ED is not measurable (it is obscured by charge 
generation currents and surface effects) but it has been calculated to be several 
orders of magnitude smaller than for germanium. 

As ay and ax approach unity the required base-emitter voltage for a given 
I E is decreased. In most transistors « x is very close to unity so that «i is the prin- 
cipal factor of the ma^ combination affecting <£ B . 

The effects of the various factors in the equation are plotted in the graph of 
Figure 4-7. This graph, plus a knowledge of various transistor characteristics, 
permits a comparison between transistor types. Silicon devices, for example, 
with their much lower values of I En than germanium units, require higher volt- 
ages for comparable values of I E . The difference, however, is not as great as 
might be supposed from the large difference in I EI1 , because of the logarithmic 
nature of the curves. It is commonly said that silicon has a "band gap" voltage 
of 0.6 volt and germanium has a "band gap" voltage of 0.2 volt. This statement 
is a coarse approximation to the truth, as the two types will have the same voltage 
at the same ratio of I E to I ED . However, due to its lower I ED , V BE of silicon de- 
vices is generally 0.4 volt higher than germanium at identical current levels for 
types with similar geometry and resistivity. 
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Figure 4-7 — Theoretical Transistor Input Characteristics 

For transistors made of similar materials, I ED varies directly with emitter 
area. Therefore, high-speed devices with relatively small areas require corres- 
pondingly higher voltages for a given I E . Graded base units have lower a.\ than 
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step junction devices because the built-in field appears as a retarding field in the 
inverse direction. Unsymmetrical transistor geometries have lower aj than 
symmetrical units; thus mesa and planar transistors having a small area, a graded 
base, and an unsymmetrical geometry require higher base-emitter voltages for 
a given emitter current than do alloy types. The difference is small (approximately 
100 mV), but it does enter into design considerations. 

The actual base-emitter voltage (V nE ) at the base-emitter terminals, (see 
Figure 4-6), consists of <£ E , plus any voltage drops across the bulk series resistances 
r B and r E . A correction factor 2 A, must be included in the expression for ^> E to 
account for deviations between theory and practice. 

The correction factor (A) varies between 1 and 2, approaching 1 in silicon 
devices at moderate current densities and approaching 2 at very low and very 
high current densities. For germanium, it is usually 1 at low current densities and 
nears 2 at high current densities. Thus, a complete expression for V BE is 

V BE = -^In [ 1 + Ie 7 a ^ 1 + r B I B + r E I E (4-11) 

In the active region, r B equals r' B but in the saturation region r B is much 
less than r' B , because the base resistivity is effectively lowered due to the injection 
of carriers from the collector into the base region. 

Since r' B drops as operation is moved from the active into the saturation 
region by increasing I B , the voltage drop across r' K may reduce if r' B decreases 
more rapidly than I B increases. This negative resistance can cause V BE to decrease 
in the vicinity of the boundary between the active and saturation region as Figure 
4-8 shows. After operation is well into the saturation region, r' B becomes very 
small so that any increase in I B does not result in an appreciable variation of V BE 
until I B becomes extremely large. 

To obtain the correct design values for V BE for current mode operation, 
which is the active region, a graph of V BE vs I ( . in the active region would be 
useful. Yet, since the negative resistance effect is normally slight, saturated values 
for V BE at specific collector currents (Figure 4-5) can be employed without 
introducing appreciable error. (The steep rise of V BE in the active region of 
Figure 4-8 is due to the increase in collector current as I B increases.) 
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TEMPERATURE EFFECTS UPON V BE : Temperature also has a decided effect on 
the junction voltage required to produce a given emitter current. As described 

kT 

earlier, the expression (equation 4-9) increases approximately 86//V/°C. This 

change, however, is insignificant compared with the variations of I ED , which 
approximately doubles with every 10°C temperature increase as shown in Figure 
3-7. The change in I ED results in a temperature coefficient (0 VB ) of approximately 
— 1.8 mV/°C (in the vicinity of room temperatures) for theoretical values of </> E . 
The bulk resistances r B and r E have temperature coefficients of their own 
which are of opposite polarity to the temperature coefficient of <j> E . The tempera- 
ture coefficients of these bulk resistances result in a reduction of # V b as collector 
current increases, as indicated in Figure 4-4. Moreover, since r' B becomes neg- 
ligible in the saturation region, the effect of the temperature coefficient of r' B can 
be disregarded. Thus, the overall temperature coefficient of # VB takes the form 

TB = A _BI E (4-12) 

where 

0tb = overall temperature coefficient 
A = coefficient of <£ E (approximately 1.8 AmV/°C) 
B = coefficient of emitter resistance 
I e = emitter current. 

It should be mentioned that (9 VB is not actually constant with temperature, 
because the rate of change of I ED is not constant with temperature. Also, r E may 
not change at a constant rate — depending upon its resistivity and the type of 
material. Normally, however, any error introduced by assuming a constant VB 
(with temperature) is small. 

4-4 — Deriving Limit V BE Curves From Typical Data 

Many transistor data sheets provide graphs of typical transistor character- 
istics in place of the limit curves provided for the 2N964A device. These typical 
curves can be converted into limit curves (required for worst-case design pur- 
poses) through the use of information normally given in the table of electrical 
characteristics plus some simple calculations. The accuracy of limit curves de- 
rived according to the procedure given depends primarily upon the extent of the 
given transistor specifications. The procedure outlined normally results in limits 
which are pessimistic. 

A graph of typical V BE variations with collector current, for various tem- 
peratures, as given on a 2N834 data sheet, is shown in Figure 4-9. The solid-line 
curves are the only ones appearing on the original data sheet graph. The dashed 
lines are limit curves which have been constructed for this device, using other 
available data and the procedure to be described. 

The table of electrical specifications for the 2N834 lists typical V BE = 0.74 
volt (at 25°C) and maximum V BE = 0.9 volt (at 25°C). These values yield a volt- 
age difference of 0.16 volt and a ratio of maximum to typical of 1.22. The ques- 
tion is whether a constant difference should be added to all points of typical 
curves, or whether the typical values should be multiplied by the ratio, in order to 
obtain limit data. Investigation of the theoretical behavior of V BE provides the 
answer. 
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Figure 4-9 — Input Characteristics for a 2N834 Transistor 



From equations 4-9 and 4-1 1 it is evident that 

V BE = <£e + Vb + I E r E (4-13) 

Since /3 F is constant in the cases to be considered, equation 4-13 may be re- 
written in terms of emitter current alone by substituting for I B the equivalent 
expression I E /(/? F +1), which yields : 

r B 



V BB = <£e + Ie (r E + 



-) 



The term modifying I E can be considered as a constant resistance r' E . A 
typical value of V BE can be written as 

VbE = 4>F. 4" lE r E 

There are two possible conditions of this equation that can express maxi- 
mum V BB . 

_Ybei =.<£e -f- r e'e 

V B E2 = <^E + £ E 1 !', 

The <£ E term changes very little with current compared to the r' E I E term. 

At emitter current levels below the test specification, V BE2 represents worst 
case since it would not drop as fast with decrease of emitter current as would 
V BE1 which was caused by a device having a significant r' E . 

Examination of the expression for <£ E (equation 4-9) reveals that the primary 
variable is I ED since <jj and ax change only slightly from one device to another. At 
any specific temperature, variations in I EI) between transistors are dependent only 
on variations of physical transistor differences, so that any specified difference 

*NOTE; The tilde (~) above a symbol indicates a typical value. 
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between maximum and typical V BE (as given in the data sheet characteristics 
table) can be expected to remain constant — from the standpoint of <f> K . There- 
fore at low collector currents where the drops due to I E r E and I B r B are negligible, 
the difference between V BE and V BE will be constant. The lowest current where 
V BE is specified may not be at a point where these bulk resistance drops are neg- 
ligible. However, it_is certainly safe^tp simply assume this is the case and add the 
difference between V BE and V BE to V BE to obtain V BE at current levels below this 
point. At emitter current levels above the test specification, the worst case would 
be represented by V BE1 since the increase in V BE due to r' E would be proportional 
to current whereas </> E increases as the In of current — a much lower rate. Thus, 
at currents above the highest current for which V BE was specified, a reasonable 
method to obtain a maximum V BE is to multiply all typical values by the ratio of 
V BE to V BE at the test point. 

This procedure has been applied to the 2N834 data and is shown as a dotted 
curve on Figure 4-9. 

Once a limit curve for V BE has been determined at 25°C, the temperature 
effect must be considered. In the case of the 2N834, the temperature behavior can 
easily be computed, since typical variations of V BE with temperature are shown 
on the data sheet (See Figure 4-10). The slope of any one curve is constant with 
temperature which indicates that the temperature coefficient is constant with 
temperature at a given current. A temperature coefficient graph can be constructed 
by determining the mV /0 C change in V BK for each collector current. For example, 
at 50 mAdc collector current, V BE changes 0.24 volt over the temperature range 
from — 50°C to -f-150°C (total change 200°C). The change per degree is 
.24 /200= 1.2 mV/°C. The same procedure is applied to each collector current 
and the points are plotted, as in Figure 4-11, to obtain a temperature coefficient 
graph. 
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Figure 4-10 — V BE Data for a 2N834 Transistor 
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This constructed temperature coefficient chart represents the behavior of 
typical transistors. At low emitter currents, all transistors of a given type have 
approximately the same temperature coefficient. This occurs because V BE =» <f> K 
whose temperature behavior is determined by I KI1 , a characteristic which behaves 
in a predictable manner with temperature as shown in Figure 3-7. At high current 
levels, the effect of r' E becomes noticeable. Normally, r' E has a positive coefficient 
which in effect cancels a part of the negative coefficient of cf> K , in proportion to 
emitter current, which is indicated by the slope of the line in Figure 4-11. 

The most often required limit of V HE is V ]1E at T A . At 25°C it is quite prob- 
able that all units having a maximum V I!K will have an r' E higher than typical. 
Thus these units would have a lower temperature coefficient than the typical unit. 
Use of the typical data in this case results in a conservative value for V BE . 

Using the temperature coefficient data and equation 4-8, a maximum curve 
can be constructed at any temperature. In Figure 4-9, this has been done at — 15° 
and — 55°C for the 2N834 transistor. The process simply consists of multiplying 
the temperature differences by the temperature coefficient (from Figure 4-11) at 
certain current values and adding the result to the 25°C maximum curve. 
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Figure 4-1 1 — Derived Temperature Coefficient 



If typical data, such as Figure 4-9 and 4-10, are not given for a transistor 
type, it will have to be obtained by measurement. Theory does not permit com- 
putation with sufficient accuracy for design purposes since the details of a partic- 
ular transistor design normally are not known. 



Transistor Characteristics Influencing "on" Condition Design 



4-5 — The Collector-Base Junction 

The collector-base junction voltage follows an expression similar to equa- 
tion 4-11. 



¥>'[ 



1 + 



Irr> 



]- 



I<-r + I B rp 



(4-14) 



In the active region I r = « X I E -|- I rD , and V n , —> — oc according to equa- 
tion 4-14. This means that the junction may assume any reverse voltage value as 
determined by the external circuit constants. In the saturation region, V CB follows 
the curves of Figure 4-12. If I ( , is held constant and I E (and consequently I B )is 
increased, then V rB would increase without a limit, although its polarity has re- 
versed from that in the active region. The line of V ( . r , — theoretically represents 
the edge of saturation since the collector junction is forward biased when V CB has 
the polarity shown on Figure 4-6. In practice, however, the curves do not bend 
(i.e., saturation does not occur) until injection from the collector becomes ap- 
preciable. This may require several tenths of a volt for a silicon transistor operated 
at high currents. Of course, if a high series collector resistance exists, it would be 
possible for a transistor to be in saturation even with V rB in the reverse direction. 
This occurs in standard mesa types at high currents. 

The previous comments for the emitter-base junction, regarding differences 
between transistor types and temperature behavior, would apply also to the col- 
lector-base junction. Since this information is required primarily for the design 
of common-base circuits, which are seldom used, it will not be further devel- 
oped here. 
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Figure 4-12 — Common-Base Output Characteristics 
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4-6 — The Collector-Emitter Voltage 

The collector-emitter voltage is the difference between V BE and V CB and is 
given by 

SV CE = — — In — — -)- r E I E -f- r I c (4-15) 

q \ «i / L " x1b — L c U — a x ) J 
where 

A. = the correction factor previously discussed with equation 4-11 
k = Boltzmann's constant 



kT 

T = absolute temperature [■ = 26 mV at 27 °C 

q = electronic charge J ^ 

a N = normal current gain 
ai = inverted current gain 
I = collector current 
I B = base current 
r E = bulk emitter resistance 
r c = bulk collector resistance. 
Equation 4-15 can be simplified as follows : 

V ( 'e = 4>ce + r E I E + r r I r (4-16) 

where </> CE is the first term of equation 4-15 and represents the voltage across the 
collector and emitter junctions in the absence of bulk resistivities. 

For the transistor saturation region, the behavior of <£ rE can be determined 
by substituting the following identities into equation 4-15: 



f» — 1 

1 — as 
/J p = — = circuit /} in the saturation region 
These substitutions, plus some algebraic manipulations yield 

Note that the equation contains only gain terms, therefore <£ CE is independent 
of I r . A plot of this equation, assuming A of 1, is shown in Figure 4-13. Properly 
interpreted, this yields some interesting results when /3 V « /}„ 

(1) At low values of (3 F (the transistor driven deep into saturation), </> CE 
is virtually independent of transistor gain, /?„• 

(2) a, is the most important factor affecting <£ CE . 

The variations of ai with current level for various types of transistors is 
illustrated in the graph of Figure 4-14. Transistors used to prepare this graph are 
type 2N651, a low-frequency alloy transistor, type 2N964A, an epitaxial mesa 
transistor, and type 2N501A, a micro-alloy diffused base transistor. The graph 
shows that, for the first two transistor types, a r remains reasonably constant for 
wide variations of collector current, and that relatively large changes in ai occur 
for the third transistor. These wide changes in a Y produce about a 100 mV change 
in t£ CE as indicated by the graph of Figure 4-13. It is also evident that c/> C e can 
vary considerably between transistors of different types as indicated by the rather 
large differences in ai . The effect of ai on SV CE would be noticed only at low col- 
lector currents where the bulk drops are negligible. 

83 



Transistor Characteristics Influencing "on" Condition Design 































250 






























\<So = 100 




,/5 


D=4 


) 





o - 


2 


) 












200 


























































CE < mV > 
150 


























































100 
















































50 

































































0.20 0.30 0.50 



0.01 0.02 0.03 0.05 0.10 

1//3 F 

Figure 4-13 — Theoretical Knee Characteristics 



a ] = 0. 3 

a l = 0.5 

ap0.8 
a j = 0.9 



0.8 



0.2 



z a N, 2N651 


M, 2N964A 

J 






| j 

a N, 


2N501 


A — ' 














a I, 2N651 











*--.. 


■ -J^ fN50 




















"i.'Sraei! 


4 


- — 




— -a^ 


•^ ^_ 








- — 


























8 10 



20 



40 



60 80 100 



Figure 4-14 — Behavior of Forward and Inverse Current Transfer Ratio 

Therefore, at moderate to high current levels, the expression for SV CE , can 
be given as a function of collector current at a specific temperature when p F is 
constant by the simple expression 



SV CE = V r + R F I C i£_ = /3 FS < 

1r 



2.5 



(4-18) 



where V P = projected offset voltage ?» <£ CE (considered constant) 
R F = effective saturation resistance (r E -)- r c ). 
Most transistor measurements will fit equation 4-18, however, some tran- 
sistor types do not. This occurs because R p may vary with current as the distribu- 
tion of current in a transistor is dependent upon current density. Also, R F could 
be very low and a\ variations extreme which would result in non-conformance 
with equation 4-18. 
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TEMPERATURE EFFECTS UPON V CE : As indicated in equation 4-15, absolute 
temperature, T, is a factor in determining SV (E . Thus, when the effects of r E and 
r c are negligible, (low currents), SV,. K should be proportional to the absolute 
temperature, increasing at a rate of 86,0V °C. This temperature coefficient is 
valid when operating deep in the saturation region, where the effects of tempera- 
ture changes on parameters within the In term of the equation are small. As 
operation moves toward the active region (B F increases), the effects of B on ^,.,. : 
become increasingly pronounced, as indicated in Figure 4-13. Therefore, varia- 
tions in ft (l , due to temperature changes, begin to influence the temperature co- 
efficient and, as the edge of saturation is approached, the temperature effects of 
SV CE , for all practical purposes, are characterized by temperature variations of 

B alone. 
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Figure 4-15 — Effect of Temperature Upon SV CE 

As collector current increases, the temperature coefficient of R F becomes 
important. The temperature coefficient of R F (X) is expressed as a change in re- 
sistance with temperature. The overall transistor voltage temperature coefficient, 
therefore, takes the form 

fa = W + XR F I C (4-19) 

where W and X are the coefficients of <£ CE , and R F respectively. Thus, VC , like 
0y B , can be expressed as a linear function of I c . 

This temperature coefficient, however, may not be constant with tempera- 
ture. Alloy transistors have a low collector resistivity but a high base resistivity. 
Mesa transistor types have a high collector resistivity and an intermediate base 
resistivity. Therefore the coefficient can vary with temperature in a number of 
ways, depending upon the resistivity in the various regions and must be determined 
by measurements. In the case of the 2N964A (see Figure 4-4) the temperature 
coefficient increases with temperature at temperatures above 25°C. Thus, it is 
necessary to have two curves of XC . At temperatures between 25°C and 100°C, 
the given curve results in a slightly excessive # vc , but the error is not large and 
results in a conservative design. Figure 4-15 shows the temperature behavior of 
SV CE for several different types of devices. 
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4-7 — Obtaining Limit Collector Saturation Characteristics 

To obtain a complete picture of the saturation region for transistors not 
characterized by limit curves, as shown in Figure 4-2, it is necessary to know the 
typical behavior of V CE in the knee region, as well as the limits of p and SV CE 
with current and temperature. 

A normalized plot of p for the 2N834 transistor is shown in Figure 4-16. If 
such a graph is not available, it will have to be obtained by measurement. Meas- 
urements have shown that the higher the /3 of a transistor, the more sensitive, on 
a percentage basis, it becomes with respect to current and temperature. Thus, if a 
data sheet specifies a minimum p somewhere near the peak of the h rE — I c curve, 
the typical normalized curve may be used to obtain minimum p at any other 
current level with the assurance that it will lead to conservative design. 

The normalized p curves for the 2N834 show that p increases with tempera- 
ture at low currents, but that it peaks at about room temperature at high currents. 
This is normal transistor behavior. With this graph, plus a £ specification at one 
point, §_ can be estimated for any current and temperature by simply multiplying 
the specified ^} by the normalizing factor at the desired point. For example : the 
specified §_ is 25 at 10 mA and 25 °C. It is desired to obtain ft at 50 raA and 
— 55°C. From Figure 4-16, it is seen that at the desired condition, normalized /?, 
is 0.64 of the specified g. Therefore. Q_ at the desired condition is 0.64 x 25 = 16. 
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Figure 4-17 — Saturation Voltage Behavior for the 2N834 

The typical behavior of SV,- E for a 2N834 transistor with current and tem- 
perature is shown in Figure 4-17. This data can be used to determine SV rE at 
any current and temperature. Since the I r /I B ratio is fixed at 10, the typical p 
would have to be greater than 25, over the current and temperature range shown 
on the figure, for data to be described by equation 4-1 8. Typical /3 for the 2N834 
is given as 40 at 10 mA and 25°C; inspection of Figure 4-16 shows that the f3_ 
criteria is met at temperatures above 25 °C and currents above 1 mA. 

The data of Figure 4-17 can be converted to the typical curves shown in 
Figure 4-18, which plots SV 0E as a function of collector current at two tempera- 
tures, 25°C and 175°C. It is seen that the data results in straight lines conforming 
to equation 4-18. 

At low current levels, SV CE = <£ CE . Therefore, a constant difference in milli- 
volts exists between the two typical saturation voltages. At high levels however, 
SV rE = R F I C . The resistance changes a given percentage with temperature. 
Therefore, the saturation voltage will change by a ratio. Thus, the curves of 
Figures 4-17 and 4-18 should_f_an upward, as shown. 

The difference between SV rE and SV rE , as I { . varies, must now be deter- 
mined. Again, at low levels SV CE = <£ 0E ; therefore, the difference between a 
minimum and a typical device must be due to different values for <*i . Since the 
percentage change in «i is not determined by its value, the difference in voltage 
between these transistors would remain constant over the temperature range. As 
current increases, the effect of R F is evident with the result that_the difference 
between SV CE and SV CE is greater at high currents. Furthermore, SV rE increases 
faster than'SV CK with increases in temperature. This reasoning is verified experi- 
mentally. When comparing a transistor with a high SV rE to one with a low SV CE , 
it is found that at low current levels, the transistors remain a constant number of 
millivolts apart over the temperature range, while at high currents they bear a 
nearly constant ratio to each other. 
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Figure 4-1 8 — Constructed Saturation Curves for a 2N834 Transistor 



Since SV CK is of concern for d_esign purposes, maximum curves must be 
constructed. The specified values for SV,. K given on the data sheet are: 0.25 volt at 
10 mA and 25 °C, and 0.4 volt at 50 mA and 25 °C. A straight line can be drawn 
through these_two points on Figure 4-17 to construct the SV CK curve at 25°C. To 
construct the SV rE curve at 175°C, the difference between the typical 25°C curve 
and the maximum 25°C curve must be added to the typical 175°C curve. 

Notice that the maximum curves have a slope about 20% greater than the 
typical curves. This_information can be used, as a rough guide, to construct a 
maximum curve if SV rE is specified at only one point on the data sheet; i.e., the 
slope of the maximum line should be approximately 20% steeper than the slope 
of the typical line. 

From the maximum 25°C line, a defining equation for SV CE can be written 
by noting the Y intercept which gives V,., and the slope of the line which gives 
R F . For the example under consideration, the Y intercept is at 0.21 volt and the 
slope of the line changes from 0.21 to 0.59 — a total change of 0.38 volt over a 
range of 100 mA. Then, R F — 0.38 V. ~ 100 mA = 3.8Q. Therefore, 

SV (;K = 0.21 -f 3.8 I c at 25°C (I ( ./I„ = 10). 
In a similar manner, an equation for the maximum 175°C line can be written 
yielding _ 

SV ( . E = 0.271 -f 5.3 I ( . at 175°C. 

To obtain the temperature coefficient, the difference between the two equa- 
tions must be divided by the difference in temperature. This produces the tempera- 
ture coefficient equation 

(9v C (mV/°C) = 0.4 -f 10 I,, 
where I c in these equations is in units of amperes. 
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Figure 4-19 — Knee Characteristics for a 2N834 Transistor 

Thus, _with the "SV (E equation at 25 °C and the temperature coefficient 
equation, SV CE can be calculated at any current and temperature when 
IcAb = 10. 

Now, all that is needed is the normal behavior of the knee characteristic to 
provide guidance in drawing the limit curves. The solid lines of Figure 4-19 show 
the knee characteristics of a low-/? 2N834 transistor. Using this as a guide, the 
maximum curves may be constructed as indicated by the dotted lines using the 
proceedure discussed earlier in this chapter and inChapter 7. 

If this knee characteristic is not available, it is best to obtain measured 
characteristics, preferably from transistors which are as near as possible to the 
specified ^and SV rE . It would also be possible to use Figure 4-13 to predict knee 
behavior. However, some knowledge of «, is needed to pick the right curve which 
would then be modified by the addition of a value R F I to each ordinate. 
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CHAPTER 5 
Transient Characteristics of Transistors 

The characteristics of transistors in the on and off states were described in 
detail in Chapters 3 and 4. Although the circuit design of these static states is 
based upon the transistor's dc characteristics, the effect of the dc conditions upon 
the transient response must be considered. In some circuits, such as those which 
use resistance coupling, the dc design may be based entirely upon the transient 
performance. In many circuits, the dc conditions are dictated largely by load 
requirements, and the speed is enhanced by using special techniques, such as a 
speed-up capacitor. The problems and approaches are innumerable, but rare is 
the circuit where the transient response does not have to be investigated. Many 
of these inter-relations were discussed in Chapter 2. 

In Chapter 1 , a model of a transistor was developed in which external ele- 
ments were added to a "perfect" transistor. These external elements — capaci- 
tances and stores — were used to explain the transient behavior in a qualitative 
manner and permit a simple discussion of device physics. That is about all the 
model is good for. The problem is that the elements are so non-linear that cal- 
culations of large signal or switching performance by classical methods become 
very complex. 

In this chapter, a simple approach is developed from the charge control 
theory. The usefulness of this method stems from the fact that the variation of 
non-linear elements with time does not have to be considered. It is only necessary 
to be concerned with the movement of a discrete amount of charge. 

5-1 — Definition of Transition Times 

Before discussing the charge control concept of determining transition re- 
sponse, the idealized transient behavior of a transistor switch will be reviewed. 
In Figure 5-1, the transistor is being switched from off to on and back to off by 
the application of a step pulse to the transistor base. It is obvious that the output 
pulse is far from being an exact duplicate of the input pulse. Reasons for this 
waveshape distortion and some important definitions are given in the following 
paragraphs. 

At time t ( , the pulse generator delivers a step of base current (I B1 ) to the 
transistor. At this instant, the transistor is in the off condition because of the 
emitter reverse-bias voltage (V OB ). The collector current that is flowing is ex- 
tremely low (approximately I rBO ); the voltage on the collector-base junction is 
equal to the sum of the off level collector voltage (V x ) and the reverse-bias voltage 
(V OI( ). At time t () the base current rises immediately to I B1 but it may be observed 
that the collector current does not begin to increase until t',. The time between t 
and t'i is called the turn on delay time (t„), and is defined as the time required to 
bring the transistor from the initial off condition to the edge of conduction, i.e., 
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INPUT PULSE 




COLLECTOR 
OUTPUT 



to t*i ti t 2 

t' = 100% POINTS 



Figure 5-1 — Output Waveform of a Transistor Switch 



the beginning of the active region. This may be defined as that instant of time t', 
at which the applied base-to-emitter voltage is equal to V TF , a small forward volt- 
age which barely causes significant conduction. Physically, the finite time required 
for t rl comes about because of the reverse bias on both the emitter and collector 
junction transition capacitances. The delay time is simply the time required to 
charge these capacitances to the new voltage level. It should be apparent that if 
Von = V TF , then t d = 0*. Since in practice waveforms do not show sharp cor- 
ners, for measurement ease, t d is usually measured from the 10% point of the 
input pulse amplitude to the 10% point of output pulse amplitude (t,). 

At time t' t the operating point of the transistor is at the beginning of the 
active region; the emitter starts to become forward biased and begins to inject 
current into the base. The collector current begins to increase toward its satura- 
tion value, corresponding approximately to V ( .,./R r . A finite time elapses as the 
collector current increases from 10% to 90% of the final value which occurs at 
time t 2 ; the time interval t, — t a is defined as the rise time (t,.) of the collector 
current pulse. Rise time is caused by a finite transit delay between the base and 
the collector currents, due to the emitter diffusion capacitance and both the emit- 
ter and collector transition capacitances. 

The transistor will remain in the on state as long as the input base current 
Ij U is maintained. At time t 3 the base input pulse "steps-off ' immediately; how- 
ever, it is observed that the collector pulse does not respond until time t'. 4 . The 



*A delay time due to carrier transit time exists but it can be neglected for all practical purposes. 
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time interval between t 3 and t' 4 is referred to as the storage time (t s ). The storage 
time is a measure of the time required for the minority carriers in the base and 
collector to recombine back to the level corresponding to the boundary between 
the active and saturation regions. These excess carriers arise because the collector 
junction becomes forward-biased when the base current I B1 is greater than the I n 
necessary to produce I r ; i.e.; I B1 > I c //3 (1 .* Thus, storage time is related to a 
carrier recombination process, and is a measure of the minority carrier lifetime 
in the base and collector regions. Again, for measurement ease the point t 4 , where 
the collector current has dropped 10% is usually used. 

The transistor comes out of saturation at time t' 4 and the operating point 
traverses the load line again through the active region to the off state. This is the 
turn-off portion of the collector waveform, and the time interval between t 4 and 
t 5 is defined as the fall time (t ( ). At t 5 the collector current has reduced to 10% 
of its on value. The description of the switching process for fall time is 
similar to that for rise time, except that the active region is traversed in the 
reverse direction. 

5-2 — Charge Control Theory 

The basic equation of the charge control concept is the charge continuity 
equation. 12 

i = § + idt. (5-la) 

dt T 

where i = current 
q = charge 
t = time 
T = lifetime. (Time an isolated charge can exist before recombining) 

Integrated over a given time interval, the equation becomes 

t Q 2 t 

r idt = r dq -f f-5-dt. (5-ib) 

o Q, o 

This equation states that the total charge supplied during the interval t is 
equal to the charge necessary to change the current in the volume to a new level, 
plus the amount necessary to replenish that lost by recombination. The usefulness 
of the charge control approach lies in the fact that in solving equation 5-1 it is 
only necessary to be concerned with the absolute changes during the time interval 
determined by the limits of integration. The manner in which the charge varies 
with time is of little concern. 

Applying the continuity equation to the transistor it is found that the input 
current must supply six components: 



3 (> was defined in chapter 4 as the current gain at the edge of saturation. 
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1. The current due to the rate of change of the active base charge q a . 

2. The current due to recombination of the active base charge having a 
lifetime Xa- 

3. The current due to the rate of change of the excess base charge q x . 

4. The current due to recombination of the excess base charge having a 
lifetime t k . 

5. The current required to charge the sum of the emitter transition and the 
stray capacitance (C ib ). 

6. The current required to charge the sum of the collector transition and 
the stray capacitance (C ob ). 

Expressed mathematically 

• _ Qa , dq a q x dq x dv BE dv CB 

ib-— + ~w + — + ^r+ c »>-dr + Cob ^r (52a) 

Upon integrating and using limits, equation 5-2a becomes 5-2b 

t Q a2 t Q x2 t V BB2 V C B2 

j i B dt = j"dq a +J^ dt +Jdq x +J^dt -fJ*C Ib dv BE + J~ Cob dVcB 

° Qal o Q xl o V BE1 V rB1 

Although these equations appear quite formidable, in practice several terms 
are zero when deriving a solution for a particular transient. 

5-3 — Turn-On Delay Time 

Turn-on delay results when a switching transistor is being turned on from 
the off condition with both the emitter-base and collector-base junctions reverse 
biased. Under these off conditions, the internal transistor emitter and collector 
junction depletion layer capacitances C Te and C T( . plus any stray capacitance (C s ) 
become charged. When the transistor is turned on, the initial current that flows 
supplies charges to these capacitances and thus no collector current is produced 
until the stored charges are removed and the emitter junction becomes slightly 
forward biased. The time required to supply this charge is the delay time and for 
the case of a step of base current can easily be written as 

t' d = ^ (5-3) 

where 

t' d = the actual turn-on delay (delay time as usually measured 
contains 10% of the rise time) 

Q 0B = the off bias charge stored in both junctions 

I B1 = the magnitude of the turn-on current step. 

Referring to the continuity equation, it should be clear that q a and q s are 
zero and that recombination does not exist with both junctions reversed biased. 
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From the continuity equation, Q 0B is simply the charge required to change the 
voltage on the emitter and collector transition capacitances (C To and C T( .) and any 
base to ground, or base to collector or supply stray capacitance . It is given by 



Vx - V TF 

S 

V B V x 



Qob= f Q b dv BE + fc ob dv 0B (5-4) 



'OB 

where 

V 0B = the base off-bias (a reverse voltage). 

V TF = the threshold of conduction voltage (a small forward voltage). 
V x = the off voltage level at the collector. 

Equations similar to this are covered in the literature 3 . 

There are several methods of finding Q 0B - O ne method is to measure t (1 as a 
function of V OB , Vj, and I B1 and calculate Q 0B from equation 5-3. The results 
can be plotted and would be found to be independent of I B1 . This is attractive and 
a convenient method to use. However, with high speed transistors it is extremely 
difficult to obtain an input signal with a fast enough rise time so that it will not 
influence the measurement. 

Another approach is to use equation 5-4 and find Q 0B analytically. To do 
this, the behavior of C ib and C ob vs. voltage must be known. Both of these ca- 
pacitances are the sum of a transition and a stray capacitance; i.e., C ib =3 C T( , -|- 
C se , and C ob =: C Tc . -\- C s( .. Usually C Tc follows a square root behavior while 
C Tc varies approximately as the cube root for graded junctions, the square root 
for step junctions, and is nearly constant for narrow epitaxial collector-base junc- 
tions. That is: 

C T cc 1/(V)«. 



This relationship states that as V -» 0, C T -> oo . This inconsistency with 
fact is usually resolved by saying that the "actual" junction voltage is added to 
the "contact potential", therefore V never goes to zero. However, the value to 
use for the contact potential is questionable making the results of the analytical 
approach considerably in error. 

A straightforward approach, which does not have the limitations of the 
previous methods, is to obtain a plot of the input and output capacitances vs. 
voltage and perform a graphical integration. This can usually be done by using 
information normally given on the data sheet. The C ib and C„ b data can be used 
because the stray capacitance of the transistor case is usually included in this 
information . Examples will be given to illustrate some of these ideas. In the 
following examples, a bar over a term (C) is used to indicate a maximum value, a 
bar under a term (C) indicates a minimum value and a tilde over a term (C) in- 
dicates a typical value. 
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Figure 5-2 — C„b Behavior for a 2N964A Transistor 
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Example 1: From C ob and C !b data for the 2N964A (Figures 5-2 and 5-3) de- 
termine Q on when the reverse bias (V 0B ) is 2 volts and the collector voltage 
(Vj) is 6 volts. 

Solution: 

Since the 2N964A is a germanium transistor, assume that V TF = 0. Exam- 
ination of the area indicated in Figure 5-2 shows that the average capacitance is 
4.2 pF, and the voltage differential is 2 volts. 



.".Qc 



A(CV) = (4.2) (2) = 8.4 pC. 



From Figure 5-3 notice that the effective capacitance for Q ri)) can be considered 
as a rectangle of 3 pF x 2V, plus the area of two small triangles. 

.'. Q clb = (CV) = (3x2) + JHJ ( 2 ) _|_ (i/ 2 ) (.5) = 7.35 P C 
and Qor = 8.4 -f 7.35 = 15.75 pC. 

Example 2: From information provided on the 2N834 data sheet, develop 
graphs similar to Figures 5^2 and 5-3 so that Q OB can be determined. 
The data sheet provides: C ob = 4 pF, at V CB = 10V, and Figure 5-4. 
Solution: 

The limited specifications make this problem more difficult than the pre- 
vious example, however, a satisfactory estimate can be obtained. 
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Figure 5-5 — Linear Plot of C Te & Ct, 



1. Plot a linear graph of typical C Te and C Tc vs. voltage as shown in Figure 5-5. 
This can be done for C To by subtracting the value of the stray header and can 
capacitances (see Table 5-1) from several points on the C„ b curve and plotting 
the new values. Since C T( , curve is given it can be transferred directly to the 
linear graph. 

2. To obtain maximum values, apply the multiplying factor based upon the ratio 
of maximum to typical transition capacitance. The multiplying factor is given 
by: 



M c 



-.7 



^•nh ^«, 



2.4 — .7 



= 1.94 



All points on the C Tc curve should be multiplied by M c . This practice makes 
the valid assumption that there is no relationship between the transition 
capacitance value and the variation of transition capacitance with voltage. 
No maximum C ib or C Te data is given. However, experience shows that it is 
usually about twice the typical also. 
If desired, maximum transition capacitance curves can be plotted, or maxi- 
mum Q 0B can be computed from the typical curves of Figure 5-5 as 

Q 0B = 2 (Q CTe + Q CTc ) + (C sc + CJ (V 0B + V TF ). 



Alternately the stray capacitances could be added in, a maximum C ob and 
C lb curve drawn, and Q 0B computed as in the previous example. 
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TABLE 5-1 



STRAY HEADER AND CAN CAPACITANCE FOR MOTOROLA 
SWITCHING TRANSISTORS 



Case 



TO-5 
TO- IS 



0.6 
0.7 



0.6 
0.7 



0.0 
0.0 



> V_rtl 

n „ n 




In switching transistors, it is com- 
mon for the collector to be electrically 
connected to the case. Thus, the main 
source of capacitance is between the 
header and the leads to the base and 
emitter contacts. The lead-to-lead ca- 
pacitance between the base and emit- 
ter is negligible. 

The proper way to measure C ob is 
to ground the collector to avoid stray 
pickup. Then, 

When measuring C lb , C sc can be in- 
cluded in the measurement by ground- 
ing all other leads, or it can be nulled 
out using a guard voltage. 

For delay time calculations, obvi- 
ously only C sc is of significance. How- 
ever, the transistor socket, base bias 
resistor, and wiring all contribute to a 
stray capacitance from base to ground. 



In silicon transistors, V TF is on the order of 0.5 volt and therefore, it must 
be considered. The part of Q 0B due to V TF is significant in relation to the part 
of Q 0B due to V 0B . This occurs because C Te is rather high in the forward bias 
region as the projection of the data sheet information in Figure 5-5 shows. Ex- 
perimentally it has been found that using a value of V TF which is 0.1 to 0.2 volt 
less than SV BE works well. The higher the collector current being switched, the 
greater the difference becomes between SV BE and V TF . 

Finally, the validity of equation 5-3, which shows the relationship between 
t' A and Q 0B for a step of constant current I B1 , is questionable in a practical circuit. 
For equation 5-3 to become accurate, the input pulse rise time must be less than 
a tenth of the delay time and its amplitude must be greater than ten times 
(Yob -)- V TF ). These conditions are seldom encountered in practice. Therefore, 
equation 5-3 should be regarded as an optimistic approximation to the real case. 
Nevertheless, Q OB constitutes the charge which must be removed during the 
delay time period, and forms a useful basis of comparison between transistor 
types. The simplest way to find delay time is to analyze the driving circuit to 
determine the time necessary to deliver the charge Q b to the input capacitance 
of the transistor. 



99 



Transient Characteristics of Transistors 



5-4 — Rise Time 

In order to turn on a transistor, sufficient charge must be supplied to do the 
following: 

1. Charge the input transition capacitance C ib to V BE , and establish the 
proper carrier gradient in the base region to permit the desired collector 
current to flow. The charge required to do this function is called Q x . 

2. Change the voltage on the collector capacitance (C ob ) from the off level 
at the beginning of injection (Vj ■ — V TF ) to a new level (V — V BE ). 
The charge required for this function is called Q v . 

3. Allow for recombination. This charge will be called Q E . 

Referring to the continuity equation, note that for the rise time interval the 
terms involving the excess charge q x are zero and the equation becomes 



J ' Rdt = J ^ + J ^ ^ + J Qb dVBE + J C ° b ^ 



(5-5a) 



V r 



Using the correspondence between terms previously discussed and the con- 
tinuity equation, and lumping the dq a and C ib terms into Qj, the equation for a 
step of input current I B1 is 

I„it r = Qi + Qv + Q R . (5-5b) 

In Chapter 1, it was explained that the base current is a result of injection 
into the emitter and recombination. In transistors operated at not more than 
three times the collector current at the point of maximum gain, injection from 
the base is negligible and recombination is the dominant factor in determining 
the base current. The recombination current is simply \ c /p and the recombina- 
tion charge during the rise time interval is 

t r t r 

Q R = Ci c /p dt = Pj=- dt. (5-6) 

o o 

To evaluate equation 5-6 the variation of i c with time must be known. It 
actually increases approximately exponentially, however, if sufficient overdrive 
is applied it will be nearly linear. This is evident by examining Figure 5-6. Notice 
the exponential rise time when I nl is just large enough to allow a current 
I «s Vj/R'c to flow. (Vj is the off level and R' c is the Thevenin equivalent of the 
load circuit). The rise time (t rl ) from zero to the 90% point will be 2.3 transistor 
time constants. 

Now consider the same transistor being turned on by a current equal to 
twice the previous value. The output current tries to rise to a value twice as 
great as the previous current but is limited by V-,/R' r to the same value as before. 
By overdriving, the slowly rising portion of the exponential is clipped thereby 
substantially shortening rise time and making the response of i c as a function of 
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Figure 5-6 — Effect of Overdrive upon Rise Time 



BASE CURRENT 
; B1 




C/Po 



Figure 5-7 — Graphical Method for Determining Recombination Charge 
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time appear nearly linear. Thus, rise time could be made as short as desiied* by 
the use of heavy overdrive currents, the reduction in time being approximately 
proportional to the drive current once an overdrive of 2:1 is exceeded. 

Assume that some overdrive is used and find Q R by assuming i c increases 
linearly with time. This is accomplished by a graphical integration using Figure 
5-7. Q R is simply the area under the curve which is given as 

Substituting this result in equation 5-5b and solving for t r 

t _ Qi + Qv , 5 o, 

t —i B1 _V2 j8 ; (5 " 8) 

Since Q T and Q v are not normally specified on data sheets and are difficult to 
measure directly, it is instructive to put equation 5-8 into a more familiar form. 
Essentially Q x represents the charge required to supply C Tp and C De . Phillips 4 
shows that 

Q. = — • (5-9) 

Where w T , the gain-bandwidth product, represents the cutoff frequency 
which C De and C ib form with the small signal emitter resistance (r e ). 

i.e., (u T = — — : — , using a small signal equivalent representation. 

r e (^De T~ Cib) 

The charge Q v is simply A [(C Tc + C a( .) V CB ]. Since C Tc varies inversely 
with voltage, Q v can be represented as (K Q C Tc -\- C sc ) A V CB ; where C T( , is a 
constant if the value of K Q is chosen so that the change in charge is the same as 
A (C Tc V CB ) for a given voltage swing. In other words: 



AQ 
AV 



C Tc (eff) = -££ = K Q C Tc (5-10) 



A general mathematical expression for this was developed by Narud and 
Aaron 5 who show that 

C Tc (eff) 1 - V F /V r 

^--C^r-d-nXl-Vp/VJ (5 - H) 

where 

C Tc is measured at V T , the initial high voltage. 

V F is the final low voltage. 

n is the exponent governing the C Tc vs. V relationship. 

Table 5-2 gives K Q values for a few important cases as calculated from equa- 
tion 5-11. 

"The lower limit upon rise time is approximately equal to the transit time of a carrier through the 
base. 
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Using the derived expressions an equivalent expression for Q y may be 
written as 



Q v = (K Q C Tc + C sc ) A V CB . 



(5-12) 



Most authors have neglected the stray capacitance term, (C se ). The 
bracketed term can be defined as an average collector-base feedback capaci- 
tance (C ( ). 

Since the rise time is usually expressed at the 90% point, by assuming 
AV CB =» AV CE) AV CB can be written as 0.9 I c R'c where I c is the final value of 
current which flows and R' c is the Thevenin equivalent load resistance. The Qi 
term should also use 0.9 I c . Making these substitutions and also using equations 
5-9 and 5-12 with equation 5-8 the rise time is expressed as: 



U = 



0.9 I c (1/V + CfR'o) 



Bl 



Ic/2/3 



(5-13) 



TABLE 5-2 - VALUES OF K n 



JUNCTION 
TYPE 


STEP 

(n = Vi) 


GRADED 

(n=l/3) 


EPITAXIAL 

(n = 1/10) 


/ 0-90% \ 

Kqi Iv p = o.ivJ 


1.52 


1.31 


1.08 


/0— 100% \ 

Kq2 \ V F = J 


2.0 


1.50 


1.11 



Note that if I B1 is large compared to the recombination term the expression 
becomes : 

t r= 0.9-^(- + CR'A 
It is convenient to regard 0.9 [ 1- C ( R' c | as an active region time con- 

\<»T J 

stant Ta describing the time response to the 90% point. Ta should not be confused 
with the active region lifetime T a . Divide both sides of the fraction in equation 
5-13 by I B1 , substitute /? F forI c /I B1 , and substitute T A for its equivalent expression 
to obtain a simple equation for rise time. 



t,= 



/?fT a 



1 



/V2/3 ' 



(5-14) 



The T A term is a fundamental transistor property while the term 
is a current drive term or a universal rise time factor. 



/V2£ 
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This expression assumes that /3 = /3 and is constant over the load line 
traversed, and also that emitter efficiency is close to unity. These assumptions 
seldom cause significant error in practice. 

It is interesting to compare these results to those obtained by various authors 
in the field using a formal method. The approach just outlined is essentially that 
used by Hwang, Cleverly, and Monsour. 6 

In the first and still the classic paper in the field, John Moll" described the 
transient behavior of junction transistors for the special case where a transistor 
is assumed to be linear, the effect of collector capacitance, C ob , is negligible and 
a step of base current is applied to the input. Using his results but a different 
notation: 

tr = -r. —, In n * B1 , , -. (5-15) 

(l-a N )»« Ibi- 0.91c' 1 



^) 



where t r = the rise time (0 to 90% ) 

a N = common base forward current gain 

I B1 = steady state base on current (magnitude of input current step) 
I c = steady state collector on current 
Ba = alpha cutoff frequency (rad/sec). 

Easley 8 showed that the effect of C Tc and the load resistor, R L , could be 
included in most cases by the addition of a simple correction factor. Thus, he 
developed: 

_ 1 + ti)Q.R.L C To Ipi 

tr - (i_ ax)wa ln i B1 -o.9i c / i- ay y p ' lo; 

When the R r C T( . product is small compared to T^ equation 5-16 degenerates to 
equation 5-15. 

In equation 5-16, C Tc must be assigned the effective or average value C 
since it is a function of voltage as Bashkow has pointed out. Narud 5 has gen- 
eralized Bashkow's results as was indicated earlier. 

Other authors have shown that w a should be modified by the factor 1.22. 
Using the charge control approach developed by Beaufoy and Sparks 1 , Phillips 4 
has illustrated that w T the gain-bandwidth product is a more accurate term to 
use than aia. 

After reviewing the various literature, it has been concluded that the best 
expression for rise time is: 

tr=<*o+l)(£+R„C f ) m ^,^ (5.17a) 



where: 



«N 



fo — 1 

1 — ay 

'Unity emitter efficiency means that injection from the base into the emitter is zero. 
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Since /J F = I c /Ibi> ar, d normally it can be assumed that /? » 1, then equa- 
tion 5-1 7a may be written as: 



t r = p l^-+R h C 1 \ 



In 



1 



1 -0.9/VX' 
By making the substitution for T A and manipulating terms: 

l ' =w 4 ln (^k)' (5 - 17b) 

This equation is of the same general form as equation 5-14 except that the drive 
term or rise time factor is more complicated. That is, both equations can be 
written: 



where R = 



t r = (r A /J P ) R 
1 



(5-18) 



1 



/?f/2£ 



(assuming a linear rise time) 



or 



R = q ° In [ I ( assuming an exponential rise time which is 

0.9 /? F \ 1 — 0.9 Pf/po] 

clipped). 

Since the R term contains only the ratio of forced gain /J F to current gain fj , 
it can be plotted as a function of this ratio as shown in Figure 5-8 . Notice that 
the two curves are nearly identical until f2 /p F is less than 1.5. This amount of 
overdrive is almost always used, in which case the simple approximation is accu- 
rate enough for engineering calculations. Both R factors contain the assumption 
that /? is constant over the load line. This is, of course, not true but the error 
introduced by a varying j3 is normally not significant. 
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Equation 5-14, is readily solved for the value of /? F required to obtain a 
desired rise time, by simply manipulating terms. 

^=^+W.- (5 " 19) 



SUMMARY OF RISE TIME CHARACTERISTICS: It has been shown that funda- 
mentally the input circuit must deliver enough charge to: 

1 . Cause collector current to assume a new value. 

2. Change the collector voltage. 

3. Allow for recombination. 

The charges involved in each of these functions were called Q x , Q v and Q E 
respectively. Expressions were developed relating Q r to Wt (the gain-bandwidth 
product), and Q v to C ob (the collector output capacitance). The values of these 
charges depend upon the operating points traversed during the rise time interval 
(the load line). The time involved does not influence their value. However Q R is 
time dependent and also very dependent upon the value of /J which is influenced 
by the load line. 

These charges were then related to a fundamental time constant T A and the 
effect of recombination (/}) was incorporated in a drive factor R. By comparing 
the R factor derived rigorously, to that obtained from an intuitive approach which 
assumed that I c was a linearly increasing function of time, it was shown that all 
approaches in the literature are essentially the same. 

At this point, it might be well to question the usefulness of the R factors, as 
they were developed assuming that the input signal was a step of constant cur- 
rent which is never met in practice. However, if the amplitude of the input has 
reached its final value during the turn-on delay interval, then, during rise time, 
the transistor does see a constant level which is as though a voltage step were 
initially applied. The input current can be considered constant as long as 
Vbe — V TF is 1/10 or less of the applied signal and the impedance in the base is 
constant. In practice, this means that the input signal must be greater than 3 volts 
and the circuits must be resistance coupled, unless the coupling capacitor is so 
large that it can be considered a short-circuit during the turn-on period. Fortu- 
nately, a number of circuits do fulfill these requirements. 

USE OF THE CHARGE AND TIME CONSTANT CHARACTERISTICS: In order to 
compute rise time, T A and /?asa function of voltage and current must be known. 
If u> T and C Tc or C ob information is given, or the rise time in a test circuit specified, 
then these data may be used to find Ta- From the previously developed equations, 
it should be clear that the following highly usable relationship holds. 

Q A = ta Ic = Qi + Qv = ^^ + AV CB C, (5-20a) 

Q A is the total active charge required by the transistor for I c to reach 90% of its 
final value. 

m T and C f must be average or effective values over the load line. The follow- 
ing examples illustrate how rise time is determined using these principles. 
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EXAMPLE 1 : Determine the rise time of a 2N964A transistor at an on col- 
lector current of 20 mA and an off collector voltage of 10 volts, when a step 
function of input current of 1.0 mA is applied. The junction temperature is 0°C. 
Solution : 

From the curve of Ta vs - Ic (Figure 5-9), at 20 mA, Ta = 0-5 nS and 
T A = 1.2 nS. However, this is given at a collector off level (V-,) of 5.5 V. 

For this device, w T is relatively independent of V CB but T\, as given by the 
curve, must be corrected for the extra charge due to the increase of AV CB . A 
graph of C ob vs. V CB is shown in Figure 5-10 which is taken directly from the data 
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sheet. From this graph, the amount of Q v (shaded area) to be added is 

AQv = (4.1)(4.5)= 18.4 pC 

AQv =(2.3) (4.5) = 10.4 pC. 
At 5.5 volts and 20 mA 

Q A = Ti Io:=(1.2) (20) = 24 pC 

Q A = r A I c = (0.5) (20)= 10 pC. 
At 10 volts and 20 mA 

Q A = 18.4 + 24 = 42.4 pC 

Q A = 10.4+ 10 = 20.4 pC. 

T A at 10 volts and 20 mA is 

- 42.4 

f A = Q A /I c = — =2.12nS 

T A = Q A /I c =^ = 1.02nS. 

The rise times are easily estimated by finding B_ and p o at C C. From the 
current gain curve, for this transistor, shown in Figure 5-11, )3 n = 32 at 20 mA 
and 0°C and the typical value is twice the minimum value as indicated in the 
tabular data at the rear of this handbook. The equation developed for rise 
time is 

t r =TA0 F R- 

— B 32 

From Figure 5-8, R = 1.5 corresponding to a — = — - = 1.6 

8f 20 

andR= 1.19 corresponding to a — = — = 3.2. 

8f 20 

Therefore : 

T 1 .=T r ^ F R = (2.12)(10)(1.6)= 34 nS 
t" r = f A/ 3 F R = (1.02)(10)(1.19) = 12.1 nS. 

CALCULATING r A FROM CONVENTIONAL DATA: If the active region time con- 
stant t a is not specified, a value for r A can be approximated by using 

Ta _ - 9I c/"r+ AVcb(K q C Tc + C s ( .) (5 _ 2Qb) 

Ic 

The gain-bandwidth product (w T = 27rf T ) may be obtained from curves similar to 
the ones shown in Figure 5-12. 



108 



Transient Characteristics of Transistors 



5 30 
o 

2 

g 

E 



1 1 

TYPE 2N964A 






























V C 


E * 
















\ 
































^^■n* 1 " * 


?" 




^5^ 




























'**' 


/ 






















# 


^ ' 


** 


Tj = 25°C— ' 
























y 


s 








, 


7"~ 


















/ 


/ 






** 






T j = 0°C — ' 


/ 














/ 

/ 




_ y 


A 






•* 




Tj « -55°C 


J 
















y 




*s 


^ 


*> 


























y 

y 


s 

y 

































5 10 20 

I c , COLLECTOR CURRENT (mAdc) 



50 



Figure 5-1 1 — Current Gain Characteristics 
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The specified f T curves on data sheets are usually typical curves and there- 
fore, the value obtained must be normalized to obtain a minimum. Since behavior 
of w T with operating bias is not dependent upon its absolute value, a simple ratio 
can be used. Calculate w T from 

w T (ave) = [2wi T (ave. from curves)] =?-(at point where f T is specified) . 

Lf T J 

The collector capacitance can be obtained from data sheet charts similar to the 
one shown in Figure 5-13. Since these are usually typical curves, the data must be 
normalized to obtain a worst-case value of C Tc . Since the variation of C T( . with 
voltage is not dependent upon its absolute value, the worst case value can be 
calculated from 

C Tc = [C Tc (at desired condition)] -~- (at specific test condition) I 



Lc T 



The voltage AV CB which represents the collector-base voltage at the 90% 
point of I requires some discussion. Figure 5-14 illustrates the voltages on the 
transistor at the beginning and end of the rise time interval. From the figure, it 
can be determined that 

A V CB = V CB1 - V CE2 = Vi - V TF - SV CE + V BE . (5-2 1 a) 

The voltage V TF is normally only 1 or 2 tenths of a volt less than V BE , and 
SV 0E normally is in the range of 1 or 2 tenths of a volt; .'.V BE ~ V TF -\- SV CE . 
Thus, all of the terms cancel except W v Therefore, A V CB ~ V 1 for the full swing 
of I c . At the 90% point used in computing rise time 

AV CB «0.9V, (5-2 lb) 

with the high voltage point at V x — V TF . 

EXAMPLE 2: Determine r A for a 2N834 with a load line of V! = 20 volts 
and I c = 25 mA using Figures 5-12 and 5-13. 

SOLUTION: 

1. Calculate Q T to the 90% point. 

a) Determine the ratio f T /f T . 

From the electrical characteristics chart, of the 2N834 @ 20 V & 10 
mA, f T — 350 mcs, f T = 500 mcs. 

• ±r 35 ° 7 
" " 7 — 500 — ' ' 

b) Estimate an average f T over the load line from Figure 5-12. A reason- 
able estimate is f T = 420 mcs. 

Then : 

2r = 2,r (420) (0.7) = 1840 mcs 

and Q r = 0.9 I c /a, T = 0.9 (25)/l 840 = 12.2 pC. 
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2. Calculate Q v . 

From the electrical characteristics chart 

C ob = 4 pF at 10V 

C ob = 2.4pFat 10V. 
Subtracting the stray capacitance of 0.7 pF (See Table 5-1) 

C Te = 3.3 & Ctc __ j 94 

C Tc =1.7 g Tc 

Construct a typical C Tc curve by subtracting the stray capacitance of 
0.7pF. Multiply points on this curve by 1 .94 to get a curve of C Tc . Then add-in 
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Figure 5-13 — Typical and Constructed Maximum Capacitance Variations 
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V rn „ = SV PF - V r 



VCBl=Vl-V T F v CB2 = a, CE " V BE 

Figure 5-14 — Method of Determining AVcb 
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the stray capacitance to obtain a curve of C ob . These are shown as broken 
line curves on Figure 5-13. 

Since \ 1 — 20 V, AV CB = .9 V x = 18 V. Take V TF = 0.5 V and find the 
area under the C ob curve from 19.5 to 1.5 volts. From the constructed curve, 
Q v = (4.6)(18) = 82.8pC. 



3. Calculate Ta- 



Qi + Qv 



Ta 



12.2 -f 82.8 
25 



= 3.8 nS. 



It should be evident that Ta will vary somewhat with the load line. Figures 
5- 15a through 5-15d illustrate measured Ta behavior for a number of transistor 
types. Notice that the two curves of Ta vs - J-c> w ' tn different voltage, cross. Several 
effects are responsible for this behavior. As current is raised f T decreases and be- 
comes more affected by the collector voltage. This effect is shown on Figure 5-16, 
which indicates small signal f T behavior. Since the average f T over the load line is 
important in switching applications, the increase in T A due to a drop in f T be- 
comes apparent at currents much larger than the peak of small signal f T shown 
in Figure 5-16. At high currents Q T is much larger than Q v , hence increases in 
V] manifest themselves in reducing Q x while the increase in Q v is negligible 
by comparison. At low currents the primary factor is C 0l) ; as shown in the 
previous example, the effect of w T is small. Thus -j-a becomes proportional 
to voltage. 
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Figure 5-1 5b — Active Region Time Constant Characteristics for a 
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Figure 5-1 5d — Active Region Time Constant Characteristics for a 
2N2538 Transistor 
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5-5 — Storage Time 

Storage time results from a transistor being driven into saturation by a turn 
on signal greater than that required to produce the collector current limited by 

— ^- . That is, I B1 > Ic//?o- W tne transistor is driven into saturation, the collector- 
Re 

base junction becomes forward biased and the collector begins to act like an 
emitter and injects carriers into the base. As a result of both junctions being for- 
ward biased, excess carriers, which form a charge, accumulate in the base, and 
also in the collector if its resistivity is appreciable. This excess charge must be 
removed for the transistor to turn off. 

An expression for storage time can be obtained from the basic charge con- 
tinuity equation. Since the voltages across the transistor junctions are constant 
during the storage time interval, the effects of C Te and C T( , need not be considered. 
The collector current does not change so charge associated with it does not affect 
storage time. The continuity equation during storage time becomes 



Equation 5-22 states that the input charge must equal the internal charges 
which are the following : 

1 . The excess charge caused by the presence of minority carriers in the base 
region. The amount of this charge, when on, will be called Q x and is pro- 
portional to the excess base current I Bx by the constant of proportion- 
ality, T x . 

2. The recombination charge which is in two parts. The first, Q Ex , is caused 
by recombination of the excess carriers having a time constant or lifetime 
T s . The second part is caused by recombination of the "active" carriers; 
that is, the carriers needed to maintain the collector current. This charge 
will be called Q Ril and its lifetime x a - 

For a step of reverse base current I E2 

-I B2 t s = -Q x + Q Rx + Q Ra . (5-23) 

Let us now attempt to grasp an intuitive picture of what happens when a 
transistor is in saturation, and its behavior during the storage time interval. Con- 
sider the PNP transistor and its charge diagram shown in Figure 5- 17b. When in 
saturation, an electron current (I r //} ) is drawn into the base as a result of recom- 
bination of the active charge (Q a ) having a lifetime (T„). Another electron current 
(I Bx ) is required to supply recombination of the excess charge (Q x ) having a 
lifetime (r x )- The net emitter and collector currents are hole currents; if the direc- 
tion of the hole current is taken as a reference (from -)- to — ) then a current of 
I Bx -)- Ic//3o = Ip.i would flow out of the base terminal. However, it is important 
to remember that in reality, these are electron currents flowing into the base as 
shown in Figure 5- 17a. 
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*BX 



JT 




Figure 5-1 7a — Current Flow When a Transistor is in Saturation 




Figure 5-1 7b — Charge Distribution when a Transistor is in Saturation 



If the base lead is opened, no base current can flow which means that turn-off 
is accomplished by internal recombination. In order to maintain I c , a constant 

recombination current of I c /y3 = — - must flow. It flows internally by recombin- 

ing with the excess carriers represented by Q x . Since I c /7? is constant, during 
storage time 



Q Ra = 



tJo 



(5-24a) 



Furthermore, recombination within Q x occurs causing an internal current to 

flow which is proportional to the amount of charge remaining, that is, i Bx = — • 

T x 
In the absence of any other currents to decrease q x (ie.,I c //J « o), the current 
i Bx would be expected to decrease exponentially with time as shown in Figure 
5-18. At t = 0, i Bx = I Bx and decreases with a time constant of t x - 

However, the presence of I //J hastens the recombination process and not 
only considerably shortens storage time, but makes the decrease of i Bx with time 
become more linear. 
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Figure 5-1 8 — Behavior of iux with Time 

Now suppose that instead of opening the base at time t = 0, the input voltage 
is changed instantaneously to a reverse potential. This potential would be positive 
for the PNP transistor shown in Figure 5- 17a and cannot supply the electron cur- 
rents required by recombination, instead it offers a field which repels the excess 
holes from the base to the emitter causing a current I B2 to flow. This causes q x to 
decrease even faster with time than if the base were open-circuited, with a cor- 
responding decrease in storage time. It also causes q x to decrease more nearly 
linearly with time. 

Assume that conditions are such that the decrease of q x and i Bx with time is 
linear. Referring to the charge diagram of Figure 5-19, it is seen that the excess 
recombination charge is 



n _ !bx l s 



(5-24b) 



It was previously shown that Q Ra = t s l^/fi„. Therefore, these relationships can 
be substituted into equation 5-23, and 



Ir2 ts 



-Qx + ^+-^-. 



(5-25) 



Substituting Ib x T x for Q x and I B1 — lei Po Ior 'bi ar, d solving for storage time 

dm - lc/0o) 



t.=T, 



I B2 + 



Ibi + Wj8. 



(5-26) 



An interesting case occurs when l c //3 « I B i, a worst-case condition in switching 
circuits. It is 

t R =7\. 



Ibi + 2 



(5-27) 
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Figure 5-1 9 — Graphical Method of Determining Q when I 
Linearly With Time 



: Decreases 



Storage time can be obtained in the general case by simply integrating the con- 
tinuity equation. This leads to the expression often given in the literature u *• 

6, 7, 10 



t s =T x ln 



*B1 ~l~ Ib2 
I C /£o + I B 2 ' 



(5-28) 



Equations 5-26 and 5-28 give approximately the same result. This is shown 
by the various curves given in Figure 5-20. Note that agreement is very good when 

WI B 2 < 4 - 

The object of deriving equation 5-26 was to show that by grasping an insight 

into the physical process, it is not too difficult to write equations which are fairly 

accurate when the charge control approach is used. When slide rules or tables are 

not handy, equation 5-26 can be used to determine a reasonably accurate storage 

time. 

Considerable attention has been given to theory, in order to relate T x to device 
physics, and to measurement methods of obtaining T x . 

In Moll's 7 analysis, a model of the transistor as two diodes back-to-back was 
used and it was found 



(5-29) 



Tbs — T x — ,. v 

Beaufoy and Sparkes 1 using a slightly different approach find 

T Ba =T x = l - 22 ^ + a ^ a \ (5-30) 

where T Bg = Effective lifetime of excess carriers recombining in the base, 
wj = inverse alpha cutoff frequency (transistor operated in inverted 

connection) 
u> a = forward alpha cutoff frequency 
ay = forward current gain 
ai = inverse current gain. 
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Figure 5-20 — Comparison of Storage Time Equations (Base Storage) 

Equations 5-29 and 5-30 are not particularly helpful to the circuit designer 
as they involve measurement of four quantities. It is obviously more logical to 
make a direct measurement of storage time and calculate T x or use some tech- 
niques for measuring Q x directly. Several approaches have been tried; these are 
summarized very well by Nanavati 10 whose conclusions seem supported by other 
workers in the field. In general storage time cannot be predicted very accurately 
at conditions far removed from a measurement point because of several effects 
which must be ignored in order to obtain a tractable solution forr x . 

Some of these effects will briefly be considered. 




Figure 5-21 — Regions in an Alloy Transistor Base Which Serve as a 
Place for Stored Charge 
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If a device were perfectly symmetrical, then o) T = m a and a T = a N . If ax is 
close to unity, then Moll's equation yields T x = j3/w a which is the active region 
lifetime T a . However, when fitting measured values to equation 5-28, it is found 
that T x «T a - Figure 5-21 shows a cross section of a typical alloy transistor. Notice 
that a large fraction of the charge injected from the collector could be stored in 
regions of the base distant from the emitter where surface lifetime could have an 
appreciable effect. The amount of charge in the area influenced by the surface 
would be dependent upon the bias conditions. The effect of the surface lifetime 
would affect the parameters of the Moll equation, but the method of measuring 
these to get a true value forT x is uncertain. 

In mesa type* transistors, storage of charge in the collector can considerably 
modify these results. Phillips 4 has shown that the amount of collector charge can 
be lumped into that stored in the base. This approach essentially assumes that the 
carriers stored in the collector move back into the base before recombining. The 
additional charge modifies the value used forT x . Although this approach works 
well if the amount stored in the collector is small, in general other effects con- 
siderably complicate the picture. 
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Figure 5-23 — Equivalent Circuit 
of a Mesa Type Transistor 



Figure 5-22 — Model of a Mesa Type Transistor 



Consider the model shown in Figure 5-22. For this discussion assume that 
I B1 is fixed. If I c is low, the voltage drop across the collector series resistance r c is 
negligible. The drop across r' B causes the base terminal to be more negative than 
the area of the base under the emitter. Thus, as the transistor is driven into satura- 
tion and the collector becomes forward biased, the injected holes are attracted to 
the more negative region around the base terminal. The active base region, under 
the emitter, does not serve as a place for stored carriers. They are stored in the 
collector and in the base region near the base contact. More carriers are stored in 
the collector than in the base because it is made of higher resistivity material than 
the base, and its volume is many times larger. This same situation could also exist 
in an alloy transistor if r'„ is high as is normal in very high speed devices, but in 
this case storage would be confined to the high resistivity base region. 

"The term "mesa types" is used to designate all transistors made with mesa, planar, and annular 
processes. 
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The equivalent circuit of Figure 5-23 describes this situation. It is similar to 
the Baker clamp circuit discussed in Chapter 2. As the magnitude of the voltage 
at the collector attempts to drop below the magnitude of the input voltage, the 
"diode" starts conducting and holds the "transistor" out of saturation. Storage 
time is now the time for the stored charge to exit from the "diode." 

The behavior of the stored charge during the recovery or storage time of 
diodes is exceedingly complex. Lax and Neustadter 12 analyzed a particular class 
of diodes under conditions where a step of reverse current is applied and found 

If 



erf* V t 8 /T x = ; . (5-3 1) 

J F + 1r 

Using the equivalent circuit of Figure 5-23, I F and I K can be put in terms 
°f Ibi. Ib2 and I c //3„ an idea first published by Grinich and Noyce 13 . Thus, in 
the transistor, storage time is given as 

erfVVV^ 1 "" 1 ^ - (5-32) 

Experimentally it has been found that some transistors, under certain bias 
conditions, closely follow the relation of equation 5-32. However, as current is 
increased many mesa types begin to exhibit quite different behavior. 

Referring to Figure 5-22, as collector current is increased, the drop across 
r c increases altering the internal biasing to cause more of the collector injection to 
occur in the region directly under the emitter. More of the active part of the tran- 
sistor is now in saturation causing storage time to be partly determined by the 
rate of diffusion of carriers, stored in the collector, back into the base. Some car- 
riers would also be stored in the base, and recombination there would influence 
storage time. It should be clear thatT x is not a constant and really is composed 
of the lifetime of various regions in a transistor. For simplicity the following 
definitions will be used: 

T x =T BS , if measured transistor behavior can be fitted to equation 5-28 
which assumes that all storage occurs in the base region between 
the emitter and collector. 

T x =T CR , if measured transistor behavior can be fitted to equation 5-32 
which assumes that all storage occurs in the collector or base 
region distant from the emitter, such that the equivalent circuit of 
Figure 5-23 applies. 

Figure 5-24 shows data measured for a variety of transistors. This data is 
not intended to be representative of the given type but rather to show how an 
individual transistor behaves as current is varied. In each case, a value of T BS and 
T CK was computed at one measured point and the appropriate relationship plotted. 
Note thatT rE is a larger number than T B s and that both of these "constants" vary 
significantly with bias. Neither relationship describes storage time behavior 
exactly. 



*erf indicates the error function or probability integral. It is defined as: Erf (t) = "~= ft 

V"" J 
Tables are available for numerical values of this function. ° 
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Figure 5-24a — 2N404 Storage Time Characteristics (Collector Current 
Constant) 
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Figure 5-24b - 2N404 Storage Time Characteristics (Collector Current 
Constant) 
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Figure 5-24c — 2N 501 Storage Time Characteristics (Collector Current 
Constant) 
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Figure 5-24d — 2N 501 Storage Time Characteristics (Collector Current 
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Figure 5-24e — 2N2381 Storage Time Characteristics (Collector Current 
Constant) 
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Figure 5-24f — 2N2538 Storage Time Characteristics (Collector Current 
Constant) 
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Figure 5-24g — 2N2538 Storage Time Characteristics (Collector Current 
Constant) 
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Figure 5-24h — 2N2S38 Storage Time Characteristics (Base Current 
Constant) 
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Figure 5-24i — 2N2501 Storage Time Characteristics (Base Current 
Constant) 



TABLE 5-3 - I DENTIFICATION OF TRANSISTOR TYPES 



Type 


Relative 






Number 


Emitter Area 


Material 


Basic Process 


2N404 


large 


germanium 


alloy, uniform base 


2N501 


small 


germanium 


micro alloy, graded base 


2N705 


small 


germanium 


standard mesa type 


2N706 


small 


silicon 


standard mesa type 


2N834 


small 


silicon 


epitaxial mesa type 


2N914 


small 


silicon 


epitaxial mesa type 


2N964 


small 


germanium 


epitaxial mesa type 


2N968 


small 


germanium 


standard mesa type 


2N2218 


large 


silicon 


epitaxial mesa type 


2N2381 


large 


germanium 


standard mesa type 


2N2538 


large 


silicon 


epitaxial mesa type 


2N2501 


small 


silicon 


epitaxial mesa type 



Note: "Mesa type" refers to transistors made by the mesa, planar or annular processes. All mesa type 
transistors have a graded base. 
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Figure 5-25 — Normalized Base Storage Time vs. Circuit Drive Ratio 
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Figure 5-26 — Normalized Collector Storage Time vs. Circuit Drive Ratio 

For transistor characterization purposes it is normally desirable to select I c 
so that Ic//?„ i s small compared to either I B1 or I E2 , whichever is appropriate, in 
order to minimize the effect of /?,, on t s . Then the measured t s will bear a truer rela- 
tionship tor x and for a given circuit drive ratio, Ibi/Ir2> a constant proportionality 
will exist between T x and t s . Figure 5-25 illustrates this for the case of base stored 
charge while Figure 5-26 shows collector stored charge. These curves will be use- 
ful to predict storage time as I B2 is varied from the value where storage time is 
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measured. As I B2 is reduced from the test value, the curve will yield a pessimistic 
value for t s because I<V/? is neglected. For the same reason as I B2 is increased the 
predicted value will be optimistic. 

The time constants Tor andT BS are quite different for identical storage times. 
That is, for a particular ratio of Ibi/Ib2>Tor > Tbs by an amount dependent upon 
the Ibi/Ib2 ratio. This is shown in Figure 5-27 which shows the ratio of T CR /T Bg as 
a function of I B i/Ib2 ar >d is obtained by dividing ordinates from Figure 5-25 by 
ordinates from Figure 5-26 for a given I B1 /I B2 . Note thatTc R > 1.5T BS for all 
drive ratios. 

For simplicity, it will often be convenient to assume that storage time be- 
havior is described adequately by the In relationship and regard Tbs as fairly 
constant. Even though errors will be inevitable, several important concepts can 
still be developed. 

As with delay and rise time, the various storage time equations derived were 
based upon the assumption that the input signal was a step function of current 
which remains constant during the storage time interval. In practice this means 
that the rise time of the input pulse must be short compared to the storage time in- 
terval. Since v IiE is virtually constant during storage time, any resistance driven 
circuit normally fulfills the constant current assumption. Analysis reveals that the 
worst effect of a finite transition time, t l5 between I B1 and I B2 is to lengthen the 
storage time by t t but in most cases, the increase in t s is much smaller than t v 
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Figure 5-27 — Ratio of Collector Recovery Time Constant to Base Storage 
Time Constant 

5-6 — Fall Time 

Since the fall time occurs in the active region, T A > Qi, and Q v apply. However, 
recombination aids turn-off.In the same manner as the rise time expression, (equa- 
tion 5-13), was developed, it is found that 



128 



Transient Characteristics of Transistors 



0.9Ic(-j- + R' c C ( J 



t f = ' * . (5-33) 

By defining and substituting a cut-off gain /3 C r= Ip/Ina ar >d also substituting 
T A for its equivalent quantity 

t t = , Ta/? ° . (5-34) 

1 + /?c/2/3 

In a manner analogous to the rise time factor, the denominator may be re- 
garded as a fall time factor, F. 

After reviewing the literature* it was concluded that the best expression for 
fall time is 

''=(i + R '« c ')*+'"«(^T^)- <» 5 » 

By substituting /3 C and T A for their equivalent quantities this equation may 
be written (if /?„ » 1) as 

where the bracketed term is the F factor. 

Both of these factors are plotted in Figures 5-28a and b (a and b differ only 
in the scale used for the ordinate) where it is seen that the two factors do 
not differ substantially whenever /3 //? > 0.1. The worst case occurs when 
/?„» p c making F « 1. 

Whenever Q x is all stored such that it can exit during storage time these fall 
time expressions hold. However, storage in regions removed from the emitter 
considerably changes turn-off behavior because not all the excess charge leaves 
during storage time. The decay of the remaining charge would be determined 
by the lifetime of the minority carriers in the region, yielding behavior similar 
to that of a diode. The mathematics describing the turn-off of a diode are in- 
volved; the situation becomes exceedingly cumbersome when the fall time of 
the transistor is also occurring at the same time. No formulas have been de- 
veloped which may be used to predict fall time in mesa transistors in situations 
where the charge stored in the collector is a considerable fraction of the active 
charge T A Ic- Thus, fall times for mesa transistors may contain a few surprises 
for designers accustomed to working with standard alloy types. Some data and 
explanations for the measured behavior will be given in the next section when 
total control charge is discussed. 

The fall time expressions derived assumed that I B2 was in the form of a 
constant current step. This situation is normally found in the case of resistance 
driven circuits because the change from I BI to I B2 occurred during the storage 
time; thus, the input voltage is constant during the fall time. As long as V in » 
(Vbe — V TF ) then I B2 will be essentially constant during the fall time interval. 

♦See rise time references 
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Figure 5-28a —Fall Time Factor vs. Overdrive Factor 
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Figure 5-28b —Fall Time Factor vs. Overdrive Factor 
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5-7 — Total Control Charge (Q T ) 

Previously, it was shown that to turn on a transistor from the threshold of 
conduction to 90% of the final value of collector current involved movement of a 
charge t a Ic- This same amount of charge is also involved during the fall time. 
When driven into saturation, excess charge Q x results. Thus, to turn off the tran- 
sistor the total stored charge Q s must be removed, which is given as 

Q. = Q I +T A I C . (5-37) 

A popular method of measuring Q s is shown in Figure 5-29. The capacitor 
(C) is adjusted to the minimum value which will produce a turn off waveform simi- 
lar to the one shown in Figure 5-30 where C = C opt . The optimum capacitance 
is obtained when the "bumps" just disappear. The charge on the capacitor which 
will be called Q T is simply 



Qt 



(5-38) 



^opt l\ * iii- 
It is necessary to determine if Q T actually represents the total stored charge 
Q s of the transistor. 




Vout 



Figure 5-29 — Q T Test Circuit 




Figure 5-30 — Turn-Off Waveform (PNP Transistor) 
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ALLOY TRANSISTOR BEHAVIOR: In the alloy transistor it was shown that, 
during storage time, Q x is reduced due to recombination of excess carriers with 
a lifetime T x , recombination of excess carriers with a lifetime T a and movement of 
charge due to the reverse current in the base-emitter junction. Following deple- 
tion of the excess charge, the active charge T A I C is reduced by recombination of 
the active carriers and movement of charge due to I I!L >. Thus, to measure the 
stored charge, conditions must be such that the loss of charge due to recombina- 
tion is negligible. This means that turn-off must be very rapid which is synony- 
mous with making I B2 very high. 

The test circuit can fulfill this requirement if the charge (Q T ) stored on C is 
larger than Q s and the resistance of the source (R s ) is low. The base current is 
given by 

i B2 =f^^. (5-39) 

K S + r B 

The voltage (v )on the capacitor will decrease exponentially with time as Q x 
is reduced. There must be sufficient voltage across the capacitor to insure a high 
i B2 during fall time. If not, recombination will be the chief mechanism determin- 
ing turn-off and it will be slow. 

Suppose that the voltage on C fell to zero at some point during the fall time. 
Then, i B2 would be small and the fall time would exhibit a long "tail". In most 
cases, however, this condition also results in the bumps as shown on Figure 5-30. 
This is undoubtedly caused by excess carriers stored in places remote from the 
active base-emitter region, which are removed at a slower rate than the normal 
excess carriers. Since turn-off of collector current has already commenced, these 
carriers constitute an active charge when they enter the active base-emitter region 
and result in an increase of collector current. 

It is easy to see that Q T can provide a good measure of Q s in alloy devices. 
However, this does not necessarily apply to mesa type devices. In order to under- 
stand turn-off of mesa type devices, the turn-off mechanism in diodes must be 
studied in detail. 

DIODE BEHAVIOR: When driven from a current source the turn-off transient 
response of a diode may be divided into two phases, the constant current phase 
and the recovery phase. Immediately following reversal of the input signal, the 
diode continues to exhibit a low impedance, approximately equal to that which 
it had in the forward direction. During this period the current is determined by 
the external circuit. This period may be so short in some diodes that it is not 
measurable. To fulfill the constant current requirement the source voltage need 
only exceed a few volts and the source resistance need only exceed a few tens of 
ohms. 

The constant current phase continues until all the excess carriers are removed 
from the region immediately adjacent to the junction, at which time the im- 
pedance of the junction starts to rise rapidly to a very high value, and the recovery 
phase begins. During the recovery phase, the impedance of the diode is so high 
that in a practical case, the current cannot be controlled by the external circuit; 
that is, the diode current is essentially independent of diode voltage. The voltage 
across the diode is determined entirely by the voltage drop across the source 
impedance, and approaches the source supply as the current decreases. The wave- 
forms depicting diode turn-off behavior are shown in Figure 5-3 1 . 
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Figure 5-31 — Diode Turnoff Wave Forms 

A qualitative picture of the turn-off process may be gained by examining 
the sketches of charge distribution shown in Figure 5-32. Figure 5-32 shows 
charge distribution, i.e., number of stored carriers as a function of the distance 
from the junction. The stored charge is virtually all confined to the high re- 
sistivity side of the junction. 

The ordinate P indicates the number of carriers and the abscissa is distance 
x normalized to the diffusion length L. Diffusion length is the average distance a 
carrier can travel before recombining. The curve X/j = 0, shows the charge dis- 
tribution in a PN junction which has been conducting a forward current (I r ) for 
a time which is much longer than the lifetime (t) so that a state of charge equi- 
librium is attained. Since conduction is by diffusion, charges move from regions 
of high charge density to those of lower density. Current is in the direction of, and 
is proportional to, the gradient of the charge density. Therefore, at the junction, 
the slopes of the lines are proportional to the diode current. 

In Figure 5-32a, the diode is open- circuited at t = 0, therefore the charge 
gradient at the junction (x/L = 0) drops immediately to zero and the charge 
decays solely by internal recombination as e" 1 ' 1 ". In Figure 5-32b the initial for- 
ward biased conditions are the same as in Figure 5-32a but the diode is switched 
such that I R = I F . Charge distributions during the constant current phase are 
shown as solid lines, those during the recovery phase as dotted lines. Upon re- 
versal of input voltage polarity in Figure 5-32b, the slope at the junction (x/L = 
0) during the constant current phase is the negative of the slope of the line at t = 0. 
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Figure 5-32 a,b,e — Charge Distribution in a Diode 

d,e — Charge Removed During Constant Current Phase 

The slope, and therefore I R , remains constant until the charge concentration is 
zero at the junction. Then the slope decreases during the recovery phase as the 
diode current reduces to zero. In Figure 5-32c the diode is switched such that 
I R = I F /5. Note that the slope at the junction is less than that shown in Figure 
5-32b. 

Figures 5-32d and 5-32e compare the charge distributions at the end of the 
constant current phase — which represents storage time — for a given current 
ratio with what the distribution would have been had charge been lost by recom- 
bination alone. The difference between the areas of these two distributions must 
be proportional to the charge I R t s which was removed due to external current 
flow. For example, from Figure 5-32b, it is seen that t/T= 0.3 at the end of the 



134 



Transient Characteristics of Transistors 



constant current phase. The boundary between areas 2 and 3 of Figure 5-32d 
is the charge distribution line at t/T= 0.3 taken from Figure 5-32b. The boun- 
dary between areas 1 and 2 is the charge distribution line at t/T= 0.3 as indicated 
on Figure 5-32a. Area 1 therefore, represents the charge lost by recombination, 
area 2 the charge which appeared in the external circuit, and area 3 the charge 
left in the diode, at the end of the constant current phase under conditions of 
I R = I F . In a similar manner, Figure 5-32e was constructed. 

In Figure 5-32d, since t s is less, much less recombination has taken place 
than in Figure 5-32e. Similarly, less time is available for charge to diffuse toward 
the junction so that I R consists mainly of the removal of charge which was re- 
latively close to the junction at t = 0. As reverse current is increased further, 
t s becomes smaller, the slope of the line where P = becomes steeper and rises 
higher. As I R — » oo , t s — > and the charge available for conduction reduces to a 
vanishingly thin layer next to the junction. Thus, the charge removed (t s I R ) ap- 
proaches zero. 

The total charge in the diode is given by the area under the t = curve. 
This curve represents the carrier concentration P and is given by 

P = P„e- x/L 
where 

P is the concentration at the junction under forward bias conditions 

x is the distance in the junction 

L is the diffusion length for carriers, which is the average 
distance a carrier will travel before recombining . 

Integrating this curve from zero to infinity and combining the result with 
other properties of the junction, it is found that 

Q=Tl F . (5-40) 

As illustrated, during storage time this charge never appears completely in 
the external circuit and external circuit charge approaches zero as I R approaches 
infinity. Therefore during a Q T measurement, all of the charge that appears in 
the external circuit must exit during the recovery phase of the diode. 

This amount of charge can be calculated and is found to be 

Q x = K nT I F (5-41) 

where 

Qoo signifies the charge which appears in the external circuit as I K — »oo and 
is the maximum charge which can ever appear in the external circuit. K D is 
always equal to or less than 0.5. 

The value of K D depends upon the ratio W/L where W is the physical width 
of the junction. The charge which does not appear in the external circuit is lost 
by internal recombination. The total charge given by equation 5-40, never, under 
any circumstances, appears in the external circuit. 

MESA TRANSISTOR BEHAVIOR: When the results of the discussion on diodes 
are extended to the mesa transistor during the Q T test, the following facts become 
apparent. 

(1) The charge which exits during the storage time interval, consists of ex- 
cess carriers from the base. Storage time is very short since the charge stored in 
the base is very small and I B2 is high. 
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(2) During the fall time, which represents the recovery phase of the "diode", 
the diode stored charge exits. This charge is always less than the total charge 
stored in the diode. Also,T A I c exits during fall time. 

(3) The Q T measurement, though it does not yield a value equal to the total 
stored charge Q s , does give a value of charge which is the maximum that can 
ever occur in the external circuit. As such, it is a valuable piece of design informa- 
tion. 

In circuits that are resistance driven, the fall time of mesa transistors will 
increase over that predicted by the classic fall time formulas as the turn-off drive 
is increased, because more of the stored charge in the diode must exit during the 
recovery phase. Increasing the turn-on drive will also increase the fall time be- 
cause this increases the diode stored charge Q. 

The theoretical fall time behavior can be written from equation 5-33 as 



tf = 



I B2 + I c /2/? 



(5-42) 



If t f is plotted vs. l/(I B2 -(- I c /2/? ) a straight line results. Therefore, if meas- 
ured data is plotted in this manner, any deviations between classical theory and 
the actual case become obvious. The data in Figure 5-33 shows that equation 
5-42 is an approximation to the true behavior, and the expected deviations are 
evident. 

At the present time, it is not possible to accurately predict the turn-off be- 
havior of mesa type transistors. However, considerable information can be gained 
from the Q T specification. 
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Figure 5-33b — 2N501 Fall Time Characteristics 
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Figure 5-34 shows Q T data for several representative transistors where /? F 
is a constant. This data can be used to find Q T at other values of /3 F . Rewriting 
equation 5-37 and substituting K T (I B] — I<-//? )Ts f° r Qx (where K T indicates the 
fraction of Q x which appears in the base circuit) then 



Q T = K T I B1 T S + I c (Ta - K T T X //U 



(5-43) 
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Figure 5-34b — Total Control Charge Data 

The time constant (t x ) varies with I Bx andTA varies with I c and V cc . There- 
fore, if Q T is to be known exactly at other operating points, all variations of these 
characteristics must be known because Q T could increase or decrease as I is 
increased, depending upon the relative values of K T , t x , T a and /?„, as the curves 
of Figure 5-35 illustrate. 

To find a worst -case possibility, assume K T x x //3 « T A - Let the data from 
the Q T curve be denoted by a subscript 1 and data at some new collector current 
by a subscript 2. Then 



Qt2 — Qti -|- TA2J-C2 — TaiIci- 



(5-44) 



Thus 71 and Q T curves can be used to obtain Q T at any condition, which is 
very useful information for the design of RCTL circuits. Use of equation 5-44 
with Q T andT A data is shown in detail in the RCTL example inverter of Chapter 7. 
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CHAPTER 6 

Reliability Considerations 
for the Circuit Designer 



The ultimate goal of a circuit designer is to produce circuits, which, when 
assembled into a system, will enable the equipment to perform its intended 
function with less than a defined percentage of "down time" due to equipment 
malfunction. To do this, the designer must have a knowledge of all the facets of 
reliability which contribute to system reliability, some of which are: 

1 ) The relationship of transistor and component reliability to system relia- 
bility. 

2) The causes of component failure. 

3) How reliability is measured. 

4) The various methods of specifying reliability assurance. 

5) The factors involved in selecting components. 

6) The effect of circuit design upon overall system reliability. 

These facets of reliability, as pertaining to the transistor, will be discussed 
in this chapter. In a general way, much of the discussion can be applied to 
other components as well. 



6-1 — Reliability of Transistorized Equipment 

The ultimate measure of reliability is the degree to which an equipment 
performs the function for which it was designed. 

A general method of expressing equipment reliability is Mean Time Be- 
tween Failures (MTBF) which is equal to operating time divided by the num- 
ber of failures. A number of other measures of equipment reliability are used, 
but MTBF is probably the most commonly accepted and can be related to the 
others mathematically. The reciprocal of MTBF is the failure rate. The MTBF 
of an equipment is, of course, dependent upon the number of components used 
in the equipment as well as the reliability of the individual components under 
the stresses encountered. In comparing reliability of different equipments, a 
useful method of normalizing is to consider failures per component hour. This 
is the number of failures divided by the product of the number of components 
and the hours of equipment operation. 

The MTBF for an equipment is not a constant over its entire life. The 
MTBF will probably be relatively short during the "debugging" phase early in 
an equipment's life, until the early life failures due to both component manu- 
facturing and equipment assembly faults are eliminated, and late in life when 
the failure rate increases due to component wear out failures. During the mid- 
portion of life, when the failures are random in nature, MTBF should be a 
maximum. 
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TRANSISTORS- 
ANALOG APPLICATIONS 

(9 SYSTEMS) 
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FAILURES PER TRANSISTOR HOUR OF SYSTEM OPERATION (MULTIPLY BY 10" b ) 

Figure 6-1. Failure Rate of Transistors in Digital and Analog Computer 
Application 

Transistorized computers have a good reliability history. 1 Figure 6-1 shows 
reported field failure rates of transistors by class and circuit mode of operation. 
The median failure rate per transistor in digital applications is of the order of 
0.03 X 10 _s failures per transistor hour for the eighteen systems reported, 
while the failure rate in analog applications in the nine systems reported was 
approximately twenty times greater. 

This compilation for equipment reliability was made in 1961 and repre- 
sented experience with equipments in service before that time. There is reason 
to believe that the reliability factor is much greater for today's digital equipment 
which use transistors with higher reliability than those available several years 
ago. 

The reliability goal for the Airborne Computer of the Minuteman missile 
system is 7.76 X 10 -5 failures per system hour for a computer with approxi- 
mately 20,000 components. 2 Such high equipment reliability is possible only 
with proper circuit design and extremely reliable components. 

Transistor reliability is usually expressed as failure rate in percent per 1000 
hours. Since failure rate is the reciprocal of MTBF it is also possible to express 
transistor failure rates in terms of MTBF, but such an expression can be ex- 
tremely misleading. For example, standard transistors with failure rates on the 
order of 1.0% to 0.1% for 1000 hours of life testing at maximum rated con- 
ditions are available from the semiconductor industry today. A failure rate of 
0.1%/1000 hours is equivalent to an MTBF of 1,000,000 hours or over 114 
years. 

This is a rather meaningless figure for a number of reasons, some of which 
will be discussed in the following sections. All transistor reliability will, there- 
fore, be expressed in terms of failure rate throughout this chapter. 

Although the transistor's potential high reliability has been recognized 
since its invention, it has only been during the last few years that its actual 
reliability capabilities have been demonstrated. Probably the most comprehen- 
sive program to procure highly reliable transistors has been in conjunction with 
the guidance and control system for the Minuteman missile. As an example of 
the reliability required for Minuteman, the goal for germanium diffused base 
switching transistors was a maximum failure rate of .0007% /1000 hours with 
a confidence level of 60%. Motorola germanium mesa transistors have met 
and exceeded this goal. 
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6-2 — Achieving Transistor Reliability 

Three major factors contribute to transistor reliability. There are: 

1 . Good basic device design. 

2. Good manufacturing processes. 

3. Quality and Reliability Control. 

Only when all three factors are optimized will transistor reliability be at 
maximum. 

A transistor can be no more reliable than the basic reliability of its design. 
Therefore, the design must be capable of withstanding all the stresses which 
will be encountered in use. A number of transistor design features are impor- 
tant to reliability. Among the more important of these are surface stability, 
mechanical strength, and uniformly low thermal resistances from junction to 
environment. In addition, a transistor design which requires a critical manufac- 
turing process is not a reliable design and must be avoided. Presuming that 
critical steps in a manufacturing process have been minimized, some of the 
attributes for the, manufacture of highly reliable transistors are: 

1) An effective system of vendor parts approval and incoming material 
control. 

2) Thorough and complete training of manufacturing operators with max- 
imum emphasis on quality of workmanship rather than speed of 
assembly. 

3 ) A written process description which is adequate, exact, and up to date. 

4) Adequate control of manufacturing environment. 

5) Minimization of assembly steps. 

6) A conscientious program of preventive machine and tool maintenance. 

7) Management emphasis upon the importance of reliability in every 
transistor manufacturing operation. 

Reliability emphasis during every phase of the manufacturing operation is 
the key which assures that every device will approach the reliability level in- 
herent in the basic transistor design. 

The final element essential to the fabrication of reliable transistors is a 
program of Quality and Reliability Control. Although the measurement of the 
quality of finished transistors is a vital element in assuring transistor reliability, 
it is only one segment of an effective quality control program. 

The evaluation of reliability must accompany each step of the transistor 
design cycle, if the design is to be optimized for reliability. A number of evalu- 
ation techniques, some of which will be discussed in this chapter, have been 
developed to evaluate transistor reliability under various accelerated stress con- 
ditions. The application of these tests during the transistor development cycle 
results in data which can be factored into the device design to optimize relia- 
bility. 

Quality Control must have a role in every step of the transistor manufac- 
turing cycle if maximum reliability is to be realized. Constant verification of 
quality at each step in transistor manufacture from inspection of parts and sub- 
assemblies through device assembly will assure good process optimization and 
control. Good in-process quality control is essential to improve yield which will 
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generally result in high transistor reliability, because the same production uni- 
formity which gives high yields can also minimize deviations from the reliability 
inherent in the basic design. 



6-3 — Causes of Failure 

A knowledge of the causes of semiconductor device failure is essential 
to an understanding of transistor reliability. Since a complete analysis of semi- 
conductor device failure mechanisms is beyond the scope of this chapter, only 
the most general aspects of those failure mechanisms which are pertinent to 
switching transistors of the diffused base mesa types will be considered. 

Transistor failure mechanisms can be broadly classified as follows: 

1 ) Surface Defects 

2) Mechanical Defects 

3) Bulk Defects 

SURFACE DEFECTS: The most prevalent cause of poor transistor reliability is 
failure due to the condition of the semiconductor surface. A surface condition 
leading to poor reliability may be caused either directly by imperfections within 
the encapsulated transistor itself, or by failure of the transistor housing which 
causes the semiconductor surface to be subject to the external environment, or 
a combination of both these factors. During transistor fabrication every pre- 
caution is taken to assure stability of semiconductor surfaces. This is particularly 
true for the fabrication steps just prior to encapsulation. 

Such techniques as 1) the encapsulation of the transistors in an inert at- 
mosphere (such as nitrogen) to reduce possibility of chemical reaction with the 
semiconductor surface, 2) the use of getters which absorb moisture (such as 
molecular sieve) to maintain low partial vapor pressure within the transistor 
housing, 3) the use of silicone varnish to seal the semiconductor surface from 
environment, and 4, the use of surface passivation for silicon devices to form 
a chemically bonded film tor surlace deactivation, are all designed to stabilize 
or isolate the semiconductor surface from the surrounding environment. The 
recent use of the Annular* Process to prevent "channeling" also limits surface 
as well as bulk changes. 

Stresses, which cause a change in the state of the semiconductor surface 
during transistor life, are a potential source of poor transistor reliability. Among 
the factors which can introduce mechanisms to change the state of the transistor 
surface are: 

1) Entrapment of moisture or other contaminants within the transistor 
during encapsulation. 

2) Escape of gases from the can or internal parts of the transistor during 
transistor life. 

3 ) Loss of the hermetic seal due to encapsulation or glass seal leaks which 
were present at the time the transistor was manufactured or which 
occurred during subsequent transistor life. 



•Patents Pending 
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Among the mechanisms of failure are the creation of conductive shunt 
paths or high series resistance paths. These can be above or below the oxide 
surface of passivated silicon transistors. 

The surface passivation of silicon transistors by the growth of silicon di- 
oxide films, which are chemically bonded to the surface, affords a greater degree 
of surface protection than has previously been available. However, unless prop- 
erly designed and manufactured, even this class of transistors may have surface 
instability problems. Among the causes of these problems are contaminants 
sealed beneath the passivated surface, pin holes in the passivated film, and 
ionized conductive paths on the surface of the passivated film. As a result, her- 
metic encapsulation is still necessary, even for passivated transistors, when 
maximum reliability is desired. 

Collector base reverse current (l CBO ) is the most sensitive measure of 
transistor surface defects. Measurement of low level current gain (h FE or h fe ) 
also often reveals useful information about the surface. 

MECHANICAL DEFECTS: The mechanical defects which can occur in diffused 
base switching transistors are relatively straightforward to analyze. Among these 
are: 

1 ) Poor bonding of die to header. 

2) Poor electrode contact. 

3) Defects associated with the fine wire which connects the header post 
and the electrode contact. 

4) Lack of hermetic seal. 

Those failure, mechanisms associated with thermal compression bonding 
have received considerable attention with the advent of silicon diffused base mesa, 
planar, and annular transistors with 300°C storage temperature ratings. Thermal 
compression bonding is the technique by which a fine wire — about 0.001 inch 
in diameter, usually of aluminum or gold, is attached to the evaporated metal 
emitter and base contacts by pressure at a temperature below the melting point 
of the metals. Since this is a critical fabrication process, reliable thermal com- 
pression bonds require intensive process control, visual inspection, and testing 
of bond strength, to eliminate potentially unreliable transistors. 

A problem can occur when gold is used for the fine electrode wire in 
silicon transistors. Embrittlement of the gold wire occurs at the point of attach- 
ment to the aluminum contact, because of formation of a gold-aluminum com- 
pound. This failure mechanism is stressed particularly at temperatures of 300°C 
and above. The wire embrittlement occurs at a very much slower rate under 
normal operating temperatures. This cause of poor reliability is eliminated by 
the use of the same material for both the contacts and the electrode wires. 

Another potential source of poor reliability associated with this fine wire 
is its inability to carry high currents. Care must be taken to limit current, in this 
class of transistor, to levels which can be reliably conducted by the fine electrode 
wire. For example, for the 1.0 mil wires commonly used, exceeding 800 mA dc 
will often cause failure. 

Poor contact of the die to the header may increase the thermal resistance 
of the transistor resulting in high junction temperatures during high power 
operation. Poor electrode contacts may cause hot spots but this is of secondary 
importance for relatively low level switching applications. 

The effects of poor package sealing on surface stability have been reviewed 
in the previous section. 
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BULK DEFECTS: Bulk defects in switching transistors are generally a less 
frequent cause of poor reliability than surface or mechanical defects. Bulk de- 
fects are often difficult to detect by in-process controls during the transistor 
fabrication process, although they are usually detected at the final electrical test. 

Included in this classification of defects are crystal imperfections which 
can cause non-uniform diffusion, resulting in high current concentrations and 
hot spots, and undesired impurities which can result in uneven voltage gradients. 
A second class of bulk defects results from diffusion of impurities and metal 
contacts into the bulk material at normal operating temperatures. This problem 
is generally minimized in the well designed and fabricated transistor, but could 
be a contributing cause to transistor "wear-out." 

FAILURE ANALYSIS: Complete transistor failure analysis is quite complex and 
requires extensive facilities and a thorough knowledge of semiconductor theory 
and transistor fabrication methods. However, preliminary analysis at the equip- 
ment manufacturer's plant can prove very helpful in improving the reliability of 
transistorized equipment. 

When a transistor failure is detected at any stage of equipment manufac- 
ture, from incoming parts inspection to final equipment test, a complete record 
should be compiled describing the indication of failure, the stage of manufacture 
at which the failure occurred, the circuit in which the transistor failed, the stress 
applied and any other information which will help complete the history of the 
failure. When the transistor is returned to the analysis laboratory, it should be 
visually examined for any possible indication of mishandling. Then it should be 
measured for electrical characteristics to determine if it truly is a failure. 

If electrical test indicates the transistor is inoperative, the failure is prob- 
ably mechanical in nature and the device should be X-rayed in an attempt to see 
the cause before the transistor is cut open. Opening a transistor case should be 
the last operation in failure analysis because no matter how much care is exer- 
cised, additional damage may be done which may mask the original cause of 
failure. Once the transistor is opened, the cause of mechanical failure will usu- 
ally become apparent under microscopic examination. 

If upon test the transistor shows little or no deviation from specification, 
it is well to observe its characteristics on a curve tracer where any irregularity 
in characteristic curves will be apparent. The transistor should be tapped while 
its characteristics are being observed, to detect any intermittent condition. 

If the transistor shows excessive leakage, the case should be thoroughly 
washed to remove any low resistance path that may have formed externally. 

The investigation may be carried further by increasing and decreasing the 
transistor temperature to the limits of the transistor rating, while observing the 
device characteristics on a curve tracer for irregularities. 

With the possible addition of a leak detection test, this is probably as far 
as failure analysis can be practically carried, outside of a semiconductor lab- 
oratory. 

6-4 — Failure Rate as a Function of Time 

The idealized curve of component failure rate versus time is shown in 
Figure 6-2. Several features of this familiar "bathtub" curve are important in 
any consideration of transistor reliability. The first portion of this curve indi- 
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Figure 6-2 Failure Rate as a Function of Time 



cates a sharply increasing and then a steadily decreasing failure rate during the 
"burn-in portion" of transistor life. The increasing failure rate for the very 
early life portion of Figure 6-2 may not always be seen. The portion of this 
curve which shows a decreasing failure rate for transistors has been repeatedly 
demonstrated. 3,4 ' 5 These early life failures are generally classified as a result of 
poor workmanship. 

The failure rate during the very early life depends upon a number of fac- 
tors. Among these are the actual zero time in the life of the transistor, the 
definition of failure and, of course, the inherent reliability of the transistor. 
Actually, the life of a transistor begins when the encapsulating process is com- 
pleted. Subsequent to encapsulation, a period of stressing, usually at elevated 
temperature, is required to stabilize the transistor's characteristics. The time and 
the stress applied during this stabilization process will affect the early life fail- 
ure rate, and thus will significantly affect the shape of the very early portion 
of the failure rate versus life curve. 

In any discussion of failure rate, the criteria used to define a failure will 
affect the failure rate for any given period of time. For example, a tran- 
sistor type which has a certain amount of instability of characteristics early in 
life can exhibit different failure rates depending upon the relationship of initial 
limits and limits after a specified period of time. When tested to a life test 
specification, which defines a failure as a device exceeding the initial electrical 
parameter limits, these transistors will have a higher early life failure rate than 
they would have if tested to a specification with life test limits relaxed from 
initial limits. If the transistor parameters continue to drift with time, even the 
more relaxed life test limits will be exceeded and the total number of failures 
will be the same, regardless of the specified limits. However, if the transistors 
stabilize after a short period, as is often the case, then the total number of fail- 
ures will often be less to the relaxed life test points than to the tighter limits. 
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The idealized failure rate versus time curve shows that after the initial 
high and decreasing failure rate period, which can be attributed to workman- 
ship faults not detected during the manufacturing process, a period of relatively 
constant failure rate at a low level commences. This is the period of random 
failures. 

The final portion of Figure 6-2 shows an increasing failure rate indicated 
as "wear-out". This portion of the failure rate versus time curve is extremely 
difficult to define and will vary widely depending on transistor method of fabri- 
cation and stress applied. This increasing failure rate can be introduced by such 
mechanisms as thermal fatigue of the solders between the silicon or germanium 
die and the case header due to repeated cycling of junction temperature while 
the transistor case is at more or less a fixed temperature, or by glass hermetic 
seal failures due to environmental cycling, or by fatigue of the fine electrode 
wires due to mechanical stress, or by bulk defects. Little data is available from 
either transistor life tests or equipment field tests to permit an accurate picture 
of this portion of the failure rate versus time curve. Contrary to the early life 
failures which may be characterized as workmanship faults, the failures which 
occur in the wear-out period are a result of the basic design limitations of a 
transistor. 

The fact that failure rate is not constant with time throughout transistor 
life, dictates that any statement of failure rate must refer to the time period 
considered. In this chapter all failure rates are based upon the first 1000 hours 
of transistor life test unless otherwise stated. This changing failure rate during 
the transistor life is a reason for not using MTBF as measure of reliability on 
an individual transistor basis. 

The Minuteman transistor specifications have a requirement that samples 
must periodically be put on a three year operating life test under equipment 
use conditions. It is of interest to note that by the end of 1962 Motorola ger- 
manium mesa transistors subjected to these tests logged over 9.43 million 
operating hours with the early samples having over 23,000 operating hours 
with no indication of an increasing failure rate due to wear-out. In fact, only 
a total of four failures occurred and all of these were relatively early in life. 

Since many early life transistor failures are the result of manufacturing 
flaws, it is quite possible to develop screening procedures to improve transistor 
reliability. Actually most reputable transistor manufacturers employ screening 
procedures as a regular part of the transistor fabrication process. The effective- 
ness of any screening procedure must be carefully verified for the particular 
transistor type under consideration. 

All transistors receive a stress to stabilize characteristics. The stress applied 
should be one that has proven effective for the particular transistor type being 
manufactured. In many cases, high temperature storage for a period of time has 
been determined to be adequate. For other transistor types, operation with 
power applied, or high temperature storage with voltage applied has been dem- 
onstrated to be most effective. 

The use of 100% leak detection is quite universal in the transistor industry. 
Subjecting all silicon transistors, using thermal compression bonds, to a centri- 
fuge test has become standard with many manufacturers. 

All transistors are measured for significant electrical characteristics to 
detect devices with abnormalities which may cause poor reliability. Most bulk 
and surface defects are detected at electrical characteristics screening. 
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Additional screening processes may be used to improve reliability, but 
unless properly selected, they may have the opposite effect of actually reducing 
transistor life. For example, extreme mechanical stresses may not only destroy 
weak units, but may weaken good units. 

Two conclusions, basic to transistor reliability, may be drawn from the 
curve of failure rate versus time. These are, 

1. Relatively short term life tests, (e.g. 1000 hours) are sufficient to assure 
transistor reliability for long time use. 

2. Transistor quality can be enhanced by the use of screening procedures 
to eliminate workmanship failures. 



6-5 — Measurement of Transistor Reliability 

The ultimate measure of transistor reliability is performance in intended 
applications. However, since long term tests at use conditions are not feasible 
from either time or cost considerations, more practical test procedures have 
been developed to assure transistor reliability. 

The intent of these tests is to compress time so that a measure of a tran- 
sistor's long term reliability may be obtained in a relatively short time, (e.g. 1000 
hours) and to accelerate stresses so that a relatively small number of transistors 
may be tested at high stress levels to assure very low failure rates under normal 
use conditions. A test procedure used to develop the acceleration factors between 
high stress tests and stresses encountered under use conditions is known as 
matrix testing. 



MATRIX TESTING : Matrix testing was used to establish acceleration factors 
for the MINUTEMAN Reliability Improvement Program. A matrix program 
includes the testing of a number of devices under a range of test conditions 
designed to stress the potential device failure mechanisms. Aside from mechan- 
ical and environmental stresses, the conditions a semiconductor device will en- 
counter during use which could cause failure are voltage, current, ambient 
temperature, and junction temperature. These conditions are not independent. 
In fact, they are closely inter-related. 

To determine the extent of the effect of these stresses on semiconductor 
device reliability, an experiment is designed to test devices under various com- 
binations of these stresses. Statistical analysis of these test results at specific 
stress points permits the prediction of failure rates at other stress conditions, 
and provides a relative measure of the effects of various stress conditions, i.e. 
develops acceleration factors. 

A matrix test which was developed by Motorola as a part of its MINUTE- 
MAN Transistor Reliability Improvement Program is shown in Figure 6-3. A 
total of 9675 devices were tested in this Matrix. Five power levels from to 
133% of rated dissipation were tested under 8 ambient temperature conditions. 
Two voltage levels were used at each dissipation level. It should be noted that 
test conditions below, at, and above device ratings are included. The tests were 
conducted for 4000 hours. 
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Figure 6-3 Minuteman Matrix Test 
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Figure 6-4 Minuteman Matrix II Acceleration Factor Referenced to 50°C, 
and 10 Volt Nominal 



From the relationship of failure rate vs. temperature obtained from the 
matrix test, acceleration factors versus junction temperature as shown in Figure 
6-4 were determined. It will be noted that these plots are straight lines. These 
acceleration factors were referenced to a junction temperature of 50°C and 
V CB = 10V, specified MINUTEMAN usage conditions. From these curves it 
is possible to determine an acceleration factor of a wide range of test condi- 
tions. A junction temperature of 100°C is used for the acceptance tests and the 
failure rate verification tests under the MINUTEMAN program. The accelera- 
tion factor between 100°C and 50°C, at 10 volts, is 28. By utilizing this accel- 
eration factor, a failure rate of 0.0007%/TOOO hours at 50°C usage condition 
can be verified by demonstrating a failure rate of 28 x 0.0007%/1000 hours or 
0.0196%/1000 hours at 100°C. 
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Such extensive matrix testing programs as were conducted for Minuteman 
cannot often be economically justified. However, even in a much simpler form 
such approaches can give significant results in determining a relationship be- 
tween failure rates under high stress conditions and those at use conditions. 

A vital precaution which must be observed in matrix testing or any other 
accelerated test plan is to assure that no new failure mechanisms are introduced 
by the accelerated stress which will not be encountered in normal transistor 
circuit use. If the high stress tests introduce new failure mechanisms, then they 
lose validity in predicting long term life. 

STEP-STRESS TESTING: The step-stress test method, pioneered by Bell Tele- 
phone Laboratories, has the advantage over matrix testing in that it is a rela- 
tively short time test. 

Step-stress testing consists of subjecting the devices being evaluated to 
successively increasing levels of stress until a majority of the devices have failed. 
Step-stressing can be done for mechanical stresses such as constant acceleration, 
electrical stresses such as surge current or power dissipation, and ambient stress 
such as temperature. 

Figure 6-5 illustrates the results of step-stress analysis performed on a 
Motorola developmental germanium epitaxial switch transistor. The power 
was increased in 50 milliwatt increments and applied for 5 hours at each step. 
The failures at each step were noted. The power was converted to junction 
temperature based upon the rated thermal resistance of 0.5°C/mW and plotted 
with the stress temperature in basic units, e.g. reciprocal of absolute temperature 
as the ordinate and a Gaussian probability failure scale as the abscissa. 

The linear relationship will be noted when the points are joined. The fact that 
this plot is a straight line indicates that only one failure mechanism is actuated by 
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the stress applied. If a second failure mechanism was introduced at the higher 
stresses the slope of the line would be discontinuous. 

A number of other applications have been proposed for step-stress analysis , 
however, its application for relatively fast comparative analysis is most useful. 
Step-stress analysis can be used to determine, 

1. The comparative effect of transistor manufacturing process changes on 
reliability. 

2. The variation in reliability of transistor lots manufactured at different 
times. 

3. Comparative analysis of similar transistor types supplied by different 
manufacturers. 

ACCEPTANCE TESTING: To assure the reliability of transistors, an acceptance 
test program is necessary. Although the inherent reliability of a transistor type 
may have been demonstrated, it is necessary to regularly test devices to assure a 
uniformly high quality product being produced. A more or less standard array of 
acceptance tests have been adopted in the military specifications for transistors. 
Usually each lot of transistors for delivery against military specifications is 
sampled to assure compliance with specified electrical characteristics and capa- 
bility to withstand environmental, mechanical, and life test stresses. These tests 
are adequately described in MIL-S- 19500, the general military specification for 
semiconductor devices, and MIL-STD-750 which specifies test methods for 
semiconductor devices. 

These tests are generally conducted at the maximum transistor ratings. If 
reliable equipment performance is to be assured, the stresses which the transistor 
encounters during life will be less than the maximum ratings. Thus, normal ac- 
ceptance tests are accelerated. 

It has been proposed 6 that transistor maximum ratings and acceptance tests 
be based upon stresses which produce a failure rate of 1 per cent. This is probably 
a realistic figure for the maximum reliability which can be economically assured 
by acceptance testing on a regular basis. 

The adequacy of accelerated acceptance testing in assuring highly reliable 
performance for transistorized equipment has been shown by low equipment 
failure rates which have been experienced. A specific example of the adequacy 
of accelerated testing may be found in Motorola's program of supplying ger- 
manium mesa transistors for Minuteman. A basic quality assurance test to verify 
the quality of transistors delivered for Minuteman is the Degradation B life test 
which must be regularly performed on samples randomly selected from each day's 
production. For the germanium mesa transistor, this accelerated test consists of a 
100°C non-operating life test for 1000 hours. Figure 6-6 and Table 6-1 illustrate 
the performance of samples from Lot 21 which was manufactured during the 
summer of 1961. Fifty samples were randomly selected from each day's produc- 
tion to make up a sample of 250 transistors for the 1000 hour 100°C life test. In 
addition to this accelerated life test, four samples per day were selected from 
Lot 21 to make up a weekly sample of 20 for the three year life test under typical 
use conditions of 50 milliwatts (junction temperature of 50°C) atV CB =:10 Vdc. 
This life test will be continued for 36 months. 

Figure 6-6 shows the results of the I CB0 and h FE measurements made during 
the 1000 hour life test at 100°C and the same parameters for the 50 milliwatt life 
test for the 12,240 hours completed by the end of 1962. The results of measure- 
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merits for the other parameters are shown in Table 6-1. Initial and 1000 hour 
measurements are listed for the 100°C non-operating life test and initial and 
12,240 hour measurements for the three year operating life test. No failures 
occurred in either life test. 

No significant differences in the results of the two life tests are apparent. It 
must be borne in mind that for an accelerated test to be significant, the stress 
applied must be of the same type but greater in magnitude than those which will 
be encountered during life. 

Data for other Motorola products is shown in Tables 6-2 and 6-3. The 
excellent stability of the measured characteristics shows that little degradation 
occurs with time. Therefore, it would be unwise to apply a safety factor to these 
characteristics if the safety factor results in an increased number of components 
in the system. 
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6-6 — Specifying Reliability Assurance 

An understanding of the techniques used to specify reliability assurance is 
essential. The factors which influence the degree of reliability assurance obtained 
by testing a sample of transistors are : 

1) The stress applied. 

2) The sample plan used. 

3) The criteria of failure. 

4) The number of failures permitted. 

All of these factors must be specified if adequate reliability verification is 
to be assured. 

STRESS: The stresses applied should be chosen to accelerate the transistor 
failure mechanisms which can cause failures during equipment life. Acceptance 
testing is almost universally conducted under maximum rated conditions. Since 
the stresses the transistor encounters during life in well designed equipment are 
less than the maximum rated, the acceptance life test is an accelerated test. 

SAMPLE PLAN: In any plan by which the quality of a large population of 
devices is assured by testing a sample of that population, there is an element 
of risk that the measured quality of the sample will not give an accurate picture of 
the quality of the total population. The smaller the absolute size of the sample, 
and the smaller the sample is in relation to the total population, the greater the 
risk that the measured quality of the sample is not the true quality of the total 
population. The sample test results may give an accurate, a pessimistic, or opti- 
mistic picture of the true quality of the total population. The sample plan must 
be selected to give as accurate a picture of the total population as cost and time 
limitations permit. 

The accuracy with which the sample test results measure the quality of the 
total population is known as the confidence level. 

If it is desired to use the results of a sample test to state a reliability level 
for an entire lot, then the maximum failure rate assured becomes lower, as the 
confidence level with which it is assured becomes higher. Thus, any statement 
of failure rate must include information as to whether it is a measured failure 
rate or whether it is a maximum failure rate. If it is a maximum failure rate, then 
the associated confidence level must also be stated. 

Two basic methods of sampling quality assurance are in use in the transistor 
industry today. These are the AQL and the LTPD plans. 

The AQL (Acceptable Quality Level) procedure has been in use for a num- 
ber of years. Under it, an inspection level and an AQL are specified. For each 
lot size the inspection level specified determines the number of samples required. 
The number of samples to be tested increases as the lot size increases but the 
ratio of sample size to lot size decreases for larger lots. MIL-STD-105 "Sampling 
Procedures and Tables for Inspection by Attributes" specifies the sample size 
for any inspection level and lot size and stipulates the number of failures per- 
mitted for any AQL. The AQL value is roughly the maximum average per cent 
defective permitted if 19 out of 20 lot submissions are to be accepted. 

The AQL system is known as a "producers risk" plan because the pro- 
ducers risk is specified while the risk the consumer is taking is not specified. The 
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manufacturer has an approximately 5% chance of having a lot rejected 
if the percent of defective devices is less than the specified AQL. The 
lots accepted, however, could have a considerably higher per cent defectives 
than the AQL indicates. This method of quality assurance is especially unsatis- 
factory if the sample size is small. 

The LTPD (Lot Tolerance Per Cent Defective) method of quality assurance 
has gained increased acceptance in recent years. Under this procedure, assurance 
is given that only infrequently, (generally 10% of the time) lots with a poorer 
quality than that specified will be passed. Since under this plan, the consumer is 
protected against receiving poor quality 90% of the time in comparison to the 
AQL system which protects the manufacturer from rejecting good quality prod- 
uct 95% of the time, the LTPD system is a "consumer risk" plan because the 
risk of the consumer is specified. 

The relationship between AQL and LTPD is illustrated by Figure 6-7. This 
curve is the operating characteristic for an AQL of 4.0% at sample sizes 15 and 
150. An operating characteristic may be said to be a measure of ability of an 
acceptance plan to distinguish between acceptable and reject lots. The ideal 
operating characteristic is a vertical line intersecting the abscissa at the desired 
quality level. This ideal operating characteristic can only be achieved by 100 
percent inspection. At less than 100% inspection, the operating characteristic 
is a measure of the degree with which the results of the sample test assure the 
quality of the total lot. For smaller sample sizes, the effectiveness of the AQL 
procedure in assuring quality becomes quite poor. In Figure 6-7 for a 4.0% 
AQL, a sample size of 150 will permit 1 lot out of 10 with an 11 percent defec- 
tive to pass, while a sample size of 15 will permit a lot with 25% defectives to 
pass 10% of the time. 

Under the LTPD procedure, the sampling plan is such that the lower end 
of the operating characteristic is controlled so that no more than 1 in 10 lots 
can pass if the specified LTPD is exceeded. 




5 10 15 20 25 

PERCENT DEFECTIVE or QUALITY of SUBMITTED LOTS (%) 



Figure 6-7 Operating Characteristics for a 4% AQL 
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Under the LTPD plan, sample size is independent of lot size. MIL-S-19500 
lists sample sizes and number of rejects permitted for various LTPD's. The per- 
cent defective, permitted in a sample size required to assure a specified LTPD, 
increases as the sample size increases. Under a pure LTPD plan, the per cent de- 
fective permitted in the sample approaches the actual specified LTPD as the 
sample size approaches 100% inspection. 

The LTPD's included in typical military specifications are generally larger 
than the AQL's formerly specified. Thus, for large sample sizes greater quality 
assurance protection might be obtained from a typical AQL military specifica- 
tion than from an LTPD specification. Since the purpose of the military speci- 
fication groups in adopting the LTPD system was not to reduce the known 
quality of transistors accepted, but to reduce the risk of material of poor quality 
being unknowingly passed due to sampling risk, a modified LTPD plan is in 
general use today. Under this modified LTPD plan a maximum acceptance 
number or minimum rejection number is specified. (Minimum rejection num- 
ber equals maximum acceptance number plus one.) Under this procedure the 
quality may be verified by selecting a sample not larger than a specified size. 
The lot may be accepted by testing smaller sample sizes, but the permitted 
per cent defective of the sample is less. 

This modified LTPD plan gives added consumer protection against the 
possibility of receiving poor quality because of the risks involved with small lot 
and small sample sizes which might occur under the AQL system. Yet this plan 
limits the minimum quality which can be shipped to that which would be as- 
sured by an equivalent AQL for large lot sizes. 

The LTPD levels which are typical for current military specifications are 
an LTPD of 5 with a minimum rejection number of 5 for major electrical char- 
acteristics, an LTPD of 10, minimum rejection number of 5 for mechanical and 
environmental tests, and an LTPD per 1000 hours* of 5 or 10 for life test. No 
minimum rejection number is usually given for life test because test cost will 
limit the size of the samples which can be life tested for 1000 hours. The cost 
of testing is a definite limitation upon the level of reliability assurance which 
may be verified by acceptance testing. This is especially true when acceptance 
tests are performed by sampling lots of transistors which have been accumulated 
in response to specific customer orders. The degree of reliability assurance 
which can be economically provided for specific orders by this method is prob- 
ably limited to an LTPD of 10% . 

At Motorola, the concept of reliability assurance is carried one step further 
by the "Line Acceptance Program". Under this procedure transistor reliability 
is assured by regularly sampling production lines at final electrical test, and sub- 
jecting the samples to the full military accelerated test sequence. This program 
not only assures the quality of transistors shipped, but it provides immediate 
feedback to the production lines of any change in transistor quality so that 
remedial action can be taken immediately. 

Even under the "Line Acceptance" program, it becomes impractical to 
assure the operating life reliability of a given lot of transistors much below the 
A = 5 level. For example, to demonstrate a A of 1 (with 90% confidence that 
the lots will have no worse a failure rate than 1% per 1000 hours) a sample 



*LTPD per thousand hours is designated A • 
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size of 231 may be tested with no rejects permitted, or 1 reject would be allowed 
in a sample size of 390. The sample size would have to be 1,421 transistors if 
10 rejects were to be permitted. To demonstrate very low failure rates for lot 
acceptance, testing costs necessitate the use of sequential test procedures in 
which the sample test results of a given lot are combined with test results of 
preceding lots to determine the actual reliability level. 

It must be remembered that these acceptance tests are accelerated tests. The 
failure rates which are assured by these tests are higher than those which will 
be experienced in equipment life. Acceleration factors may be used to relate the 
acceptance test failure rate to expected failure rate in equipment. 

END POINTS: The criteria of failure (end points) is the third factor in speci- 
fying reliability assurance. Three methods of specifying failure are in common 
usage today. These are: 

1) The end point limits are the same as the initial electrical limits, e.g. 
h FE = 20 min., 40 max., initial and end of life. 

2) The end point limits are relaxed from the initial limits, e.g. h FE = 20 
min., 40 max., initial and h FB =z 15 min., 50 max., end of life. 

3) The maximum shift of parameter characteristics are specified on an in- 
dividual basis, e.g. the change of h FE for any transistor must be less than ±20% 
during the life test. 

The second method has been the most widely used. The first method is often 
used for "high reliability" specifications, but its value is somewhat questionable. 
This method of specifying end of life limits does not take into account any possi- 
ble inaccuracy in repeating parameter measurements during a several week life 
test. If minor shifts in transistor characteristics are causing problems in meeting 
the end point limits, the manufacturer can institute a parameter screen to select 
transistors to tighter than the specified initial limits. Thus, in effect, no greater 
parameter stability than given by method 2 is assured. Specifications which have 
identical initial and end of life limits may dictate that the quality assurance pro- 
visions, (i.e. AQL or LTPD), be quite loose in order to avoid lot rejection due to 
relatively minor parameter shifts or inability to precisely repeat measurements. 

The third method, which is to specify permitted parameter shift on an in- 
dividual transistor basis, has considerable merit for assuring the delivery of 
stable transistors. This method is the most expensive of the three to implement, 
because it requires that data on each characteristic be recorded and that calcu- 
lations be performed on the shift of each characteristic for each transistor to 
determine if the lot meets the specified quality assurance provisions. A precaution 
which must be observed when this method is used, is to be sure that measure- 
ment accuracy is much greater than the parameter shift permitted. For example, 
many silicon passivated transistors have a maximum I CB0 limit of 10 nanoamps 
(10 x 10' 9 Amperes) with median of the distribution being a fraction of a nano- 
amp. The measurement of even a 50% change in reverse current, which was a 
fraction of a nanoamp initially, after 1000 hours of life is most impractical. A 
specification using parameter shift as a criteria should specify a per cent shift 
or an absolute value, whichever is greater. For example, for a silicon annular 
transistor with an initial limit for I 0B0 of 10 nanoamps, the end of life limit 
in relation to the initial values could be specified as -|-50% or -\-2 nanoamps, 
whichever is greater. 
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In the specification of end points, a careful compromise must be reached 
between making the end points tight enough so that poor reliability will be 
detected and yet not so tight that any minor shift in characteristics will reject 
the lot. Probably the best compromise is the use of double end points. This would 
consist of a relatively tight limit, perhaps a maximum shift of parameters, to a 
relatively loose LTPD, and looser limits to a tighter LTPD. For lot acceptance 
both criteria must be met. It should be borne in mind that with this method the 
sample size which must be tested is dependent upon the tighter LTPDCor AQL) 
so this will govern the test cost. 

In addition to the elements of stress applied, sampling used, and criteria 
of failure; the number of rejects permitted remains to be considered in order 
to adequately specify acceptance procedures for reliable transistors. The num- 
ber of rejects permitted, of course, depends upon the quality assurance required. 
The use of a reliability assurance plan which permits no rejects should be avoided 
because the possibility of a random failure exists even in the most reliable prod- 
uct and the most carefully conducted tests. 

6-7 — Achieving Reliable Switching System Performance 

SELECTING TRANSISTORS: The foundation upon which any reliable equip- 
ment design must be based is reliable components. Without reliable components 
even the most careful design cannot result in maximum equipment reliability. 
Of course, the prime consideration in the choice of a transistor type is its capa- 
bility to perform the electronic function required. Generally, at the circuit de- 
sign stage, any one of a number of transistor types could be selected to give 
satisfactory performance. However, the reliability of these transistor types may 
not be equal. A number of factors must be considered in the choice of a tran- 
sistor type when reliability is of prime importance. These are: 

1) Has the reliability of the device under consideration been proven? New 
transistor types with better electrical characteristics are constantly being 
announced. There is too often a tendency on the part of circuit designers 
to select these devices because of their high performance capabilities. It 
must be borne in mind that it takes time to adequately prove a transistor's 
reliability and that generally the reliability of newer transistor types has 
not been verified to the extent of older types. 

2) Has the transistor been in production long enough for any problems 
which may adversely affect reliability to have been eliminated? Early 
in the production phase of a transistor type, major emphasis is often given 
to process improvement to optimize electrical characteristics. As the 
production process settles down and yields improve, reliability will gen- 
erally also improve. 

3) Is the transistor type under consideration a major portion of the manu- 
facturers yield ? A characteristic of the semiconductor industry has been 
that a number of transistor types of varying electrical characteristics are 
simultaneously produced on the same line. As manufacturing experience 
is gained, the process can be adjusted to optimize production of the most 
desired types. However, it is often true that a transistor type which rep- 
resents a small percentage of the yield of a production line may have some 
abnormality which will make its reliability different from the majority 
of the line output. 



163 



Reliability Considerations for the Circuit Designer 



4) Is the transistor type one which will receive wide usage? Unless a 
transistor will have high volume application, it may not be in con- 
tinuous production or its production rate may remain low. Under the 
circumstances of intermittent production or low production rates, it is 
extremely difficult to optimize the manufacturing process for reliability. 
5) Does the transistor manufacturer have a good reliability image? The 
semiconductor technology is not a simple one. Unless a manufacturer 
has a broad background of semiconductor technology and experience, 
and a history of reliable products, the resources necessary to optimize 
transistor reliability may not be available. A manufacturer possessing 
these resources has the facility to accurately measure reliability and the 
skills to take the corrective action necessary to eliminate the factors 
causing poor reliability. A history of products with good reliability is 
the best assurance of the reliability of new products. 

CIRCUIT DESIGN CONSIDERATIONS: The selection of the most reliable tran- 
sistor to perform the required function is basic, but is only the first step in 
assuring the reliable operation of digital circuitry. Several circuit design consid- 
erations to assure reliable transistor performance follow: 

1. When possible, circuit performance should be based upon the most stable 
transistor parameters. This is much more feasible in digital than in analog 
circuitry, and is probably the major contributing factor to the higher 
reliability of digital equipment. 

2. Realistic limits for component variations due to tolerance, temperature, 
and time should be used. Wider limits must be allowed for characteristics 
which are less stable than those which show good stability with life. 

3. Circuit design which is dependent upon transistor characteristics that 
are uncontrolled can lead to poor reliability and should be avoided. If 
circuit performance is dependent upon transistor characteristics which 
are not specified, and thus not controlled, there is no assurance that sub- 
sequent production will have the same characteristics. 

4. The use of derated operating conditions can be a factor to secure reliable 
circuit performance. The conditions to be derated and the amount of 
derating must be carefully determined to optimize reliability. 

5. The environment which the transistor, circuit and equipment encounters 
during assembly, testing, and use, must be controlled to assure maxi- 
mum reliability. 

Each of these considerations for reliability will be considered in detail. 

TRANSISTOR STABILITY: The basic properties of a transistor used in switch- 
ing applications are its high impedance in the off state and its amplifying char- 
acteristics in the on state. The two characteristics which are usually measured 
to verify transistor quality are reverse current (usually I 0B o) ana current gain 
(h FE ). Measurement of these characteristics verify the off and on reliability of 
the transistor. 

These parameters, particularly reverse current, are largely dependent upon 
the condition of the semiconductor surface. Thus I CB0 and h PE are also the 
most sensitive parameters for detecting poor transistor reliability and the most 
important parameters for digital circuit performance. 
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Figure 6-6 and Table 6-1 showed the excellent stability of the important 
characteristics for digital applications of Motorola germanium mesa transistors. 
Tables 6-2 and 6-3 give similar data for Motorola germanium epitaxial and silicon 
passivated switching transistors, for 1000 hours of operating life at maximum 
ratings. It will be noted that all the characteristics show excellent stability, but 
that the breakdown voltage, emitter-base and collector-emitter saturation volt- 
ages, which are primarily dependent upon bulk characteristics, show practically 
no change during life. Experience has demonstrated that the switching speed 
will show practically no change during life in a well designed and fabricated 
transistor, except for that caused by current gain instability, which would be 
detected by the h FE measurement. 

USING PROPER DESIGN LIMITS: The preceding section on parameter stability 
indicates that gain and reverse current are characteristics which are least stable. 
The other characteristics, which are determined by bulk properties, are quite 
stable with life but do vary with temperature. Fortunately, the variations of these 
bulk sensitive parameters with temperature are quite predictable so that given 
limit data, safety margins are not required. 

Current gain and reverse current are also temperature sensitive, although 
the degree of their changes with temperature are generally more controlled by 
the bulk characteristics of the transistor than the surface characteristics and 
hence are predictable to a fair degree. Lacking adequate life test data, it is com- 
mon practice to design digital circuitry to perform if the current gain decreases 
to 50% of its minimum specified value and reverse current increases to 5 times 
its maximum specified value. 

Effort should be made to secure aging information from component manu- 
facturers. Use of narrow limits can lead to a high probability of individual cir- 
cuit failure, while use of wide limits will usually result in a greater number of 
components to perform a given electronic function which increases the prob- 
ability of random failures. Either extreme can cause poor system reliability. For 
example, if it is known that h FE decreases with operating time, an insufficient 
derating of h FE will result in poor reliability. However, if h FE is known to be 
stable or to increase with life, as often happens, derating h FE will result in a 
greater number of transistors in the system which also can result in poor re- 
liability. 

UNCONTROLLED CHARACTERISTICS: A major source of poor reliability in 
transistorized digital circuitry has been the use of uncontrolled or unspecified 
transistor characteristics. In some cases, this resulted from inadequate specifica- 
tion on the part of the transistor manufacturer. Todays transistor specifications 
are much more complete in providing controls on the parameters necessary for 
digital switching applications. On occasion, circuits have been designed with 
transistor types which were never intended for the mode of operation used. Ex- 
amples of this are the use of standard switching transistors in avalanche mode 
circuits or in chopper circuits. The fact that a given sample of transistors happen 
to work in such circuits is no assurance that their operation will be reliable, or 
that the next shipment will give satisfactory performance. 

The use of transistors in modes of operation and at operating points signifi- 
cantly different from those at which parameters are specified, and therefore 
controlled, must be avoided if maximum reliability is desired. 
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DERATING: The relationship of derating and reliability has been introduced 
in previous sections. The transistor manufacturer must conduct his reliability 
tests under accelerated conditions at or above maximum device ratings because 
of time and cost limitations. Furthermore it is necessary to obtain data quickly 
which can be fed-back into the manufacturing line to enable corrective action to 
be taken if necessary. 

The amount of transistor derating which should be employed for any digital 
application depends upon a number of factors: 

1) The system reliability requirements. 

2) System design constraints such as size, weight, power supply capacity, etc. 

3) The crossover point between the transistor reliability gained by derating, 
and the loss of reliability by added circuit complexity. 

4) The point of diminishing returns where added derating will not increase 
transistor reliability. 

5) The cost of components having specifications better than that dictated 
solely by electrical requirements. 

Of course these questions can only be answered for a particular equipment 
design and for a particular transistor type. However, some general rules can 
be stated as guides. 

1) Junction temperature is probably the most significant factor affecting 
transistor reliability. Limiting the maximum junction temperature rise 
to approximately 50% of maximum ratings is probably the most effec- 
tive method of improving reliability. A fact which must be remembered 
in any consideration of temperature derating is the method of verifying 
transistor dissipation ratings. Most transistors are life-tested under rated 
dissipation at room temperature, and by non-operating life test at or above 
rated junction temperature. This method of life testing is valid to guar- 
antee the derating curve only if the room temperature operating test 
brings the junction to maximum operating temperature. If rated junc- 
tion temperature is not reached during the operating life test, a higher 
failure rate may be encountered than anticipated if the transistor is 
operated at an ambient temperature higher than 25 °C. 

2) Most transistor surface defects are to some extent voltage sensitive. 
The amount of voltage derating necessary for maximum reliability 
depends upon the transistor type being considered, because some are 
more voltage sensitive than others. For maximum reliability it is a good 
rule to derate collector-base voltage so the transistor is never subjected 
to any voltage in excess of its collector-emitter voltage rating. The 
amount of voltage derating used depends to a large extent upon the surge 
voltage conditions which may be encountered in the application, and 
the amount of current limiting included in the circuit. 

3) For general digital applications, current derating is not a major relia- 
bility consideration. However, surge current limitation is very important 
for modern switching transistors with their relatively small diameter 
connecting wires. 

4) The maximum feasible derating of mechanical stresses is desirable for 
maximum transistor reliability. 
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6-8 — Precautions for the Equipment Manufacturer 

To insure maximum transistor reliability from incoming inspection through 
outgoing equipment final test, a number of precautions should be observed. 
Among these are: 

HANDLING PRECAUTIONS: 

1. Transistors should be handled in a manner which avoids the possibility 
of sudden shocks being applied, such as those encountered in dropping 
from a work bench to a hard floor. Damage done to the transistor by 
such shocks may not be detected by subsequent testing, yet may cause 
poor equipment reliability. 

2. Any lead trimming or other handling operations such as the attachment 
of plastic lead spacers should be done with care to avoid damaging the 
leads or the glass header seals. Hand trimming of leads with pliers 
should be avoided unless care is taken to avoid pulling the leads. 

3. Care must be taken during all soldering operations. Hand soldering 
should be avoided if possible. If hand soldering is done, a heat sink 
such as a pair of pliers should be clamped on the lead between the point 
of application of the soldering iron or gun, and the transistor. Dip solder- 
ing should be limited to the minimum time and temperature required 
to make reliable connections. It is unsafe to exceed the general specifi- 

_i_ 2 
cation to which transistors are tested for solderability. This is 10 _ q 

seconds at a temperature of 230° rb 5°C at a point 1/16 ± 1/32 inch 
from the transistor body. 

Precautions should be taken to prevent solder or flux bridging and caus- 
ing a conductive path across the bottom of the transistor header. 

4. Ultra-sonic cleaning of printed circuit boards should be carefully con- 
trolled. The energy level used should be the minimum possible. The 
presence of standing waves in the bath should be avoided, perhaps by 
the use of a source with slightly varying frequency. The board should 
be held as firmly as possible to minimize ultrasonic vibration. The 
particular method of ultra-sonic cleaning to be used should be thor- 
oughly evaluated to assure that it does not damage transistors. 

5. The discharge of static electrical charge through a transistor should be 
avoided. The charge accumulated by an assembler walking across a floor 
or even turning on a chair can be sufficient to cause failure if dis- 
charged through a transistor. 

TESTING PRECAUTIONS: 

1) Voltage and current surges must be avoided at any equipment test sta- 
tion. All the transistor leads should be grounded directly at the socket 
during any test equipment switching or card punching operation. The 
transmission of surge voltages through common power lines to test 
equipment has caused transistor failures. 

2) The high gain-bandwidth product of presently available switching 
transistors has led to transistor testing problems as oscillations can 
occur in test circuits. For example, if a transistor is connected for oper- 
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ation in the active region using long lead lengths there is a strong pos- 
sibility of oscillation at some frequency near the self-resonant frequency 
of the circuit. The emitter and collector wires cause capacity coupling 
between the emitter and collector, producing positive feedback which 
may be enough to cause oscillation. This problem arises when meas- 
uring the temperature variation of transistor parameters, where the test 
equipment is placed outside of the test chamber and long leads are run 
to the transistor. It is also encountered in life test facilities where many 
transistors are operated using common collector, emitter, or base lead 
wires. 

Any oscillation causes erroneous measurements and may cause tran- 
sistor burnout. The usual procedure to prevent oscillations is to place 
isolation resistors in the emitter and collector leads and have the base 
connected to ground. These isolation resistors should be placed im- 
mediately at the transistor socket. The resistors should be noninduc- 
tive; carbon or deposited film resistors are preferable. The test voltages 
across the transistor should be read by means of additional isolation 
resistors connected between the transistor terminals and the voltmeter. 
To avoid measurement error high impedance measuring equipment must 
be used. 

3) Because of the sensitivity of current gain and saturation voltages to 
junction temperature, accurate measurements can only be made by 
short duration pulses that cause no appreciable heating. Pulse duration 
must be much less than the thermal time constant of the transistor (about 
10 milliseconds for low level mesa transistors). Tests done with dc equip- 
ment or with curve tracers, which normally sweep at a 60 cps rate, are 
not suitable for tests where accurate and reproducible measurements 
are required. For example, the initial and end of life measurements of 
current gain have to be accurate to within a few per cent to yield 
meaningful life test data. 

4) Tests for I CB0 , Iebo Icex elc - should use leads which are carefully 
dressed and shielded so that there is no stray pick-up which could pro- 
duce serious errors in readings. Electronic micro-microammeters, never 
dc meter movements, should be used, because the internal inductance 
of dc meters can generate voltage spikes which can damage the transistor 
junction. 

For all leakage tests, a suitable resistor should be placed in series with 
the transistor under test and the supply to limit the current in case the 
transistor has high leakage or is shorted. If this is not done, complete 
destruction of the transistor could occur which will prevent further 
analysis of the failure. 

5) When measuring the gain-bandwidth product f T , the input current source 
should have an impedance that is high compared to the input impedance 
of the transistor, in order to approximate a constant current source. At 
low currents the transistor input impedance may be rather high, with 
the result that the source does not approximate a constant current 
source with conventional f T test fixtures as shown in Figure 6-8. In 
this case, a tuned circuit should be used to obtain the high impedance 
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Figure 6-8 — Conventional f? Test Circuit 
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Figure 6-9 — Tuned Input f* Test Circuit 



required for constant current drive to the base, as shown in Figure 6-9. 
The collector sampling resistor, in either case, should be adjusted so 
that it is non-reactive at the test frequency and should also be of such 
a low magnitude that its resistance times the C ob of the transistor forms 
a time constant that is much less than \/u> T . Good engineering practice 
requires that the measurement frequency be in the region where the 
transistor's current gain is between 2 and 5. f T is then the product of 
the measurement frequency and the measured gain. 
6) Because of the relatively high speeds of present day switching tran- 
sistors, carefully constructed testing equipment is required to accurately 
measure the transient response. The generator driving the input must 
be terminated carefully to avoid overshoot or ringing on the input pulse. 
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Figure 6-10 Transient Response Test Circuit 



In the test circuit, shown in Figure 6-10, R B is inserted through a hole 
in a ground plane. This is to prevent the speed-up effect of the end-to- 
end resistor capacity from causing erroneous readings. 

The oscilloscope probe is not placed directly on the collector which 
would cause capacitance loading but is used in conjunction with a divider. 
The time constant the divider forms with the probe must be much less 
than any expected transient time of the transistor. 

Precautions regarding the transient response and amplitude of the 
input pulse were described in Chapter 5. 
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CHAPTER 7 



Saturated Mode Circuits 



The advantage of saturated mode circuitry can be readily summarized as 
follows: 

1) Low transistor power dissipation 

2) Clamped output levels 

3) dc conditions that are nearly independent 
of transistor characteristics 

Its chief disadvantage is that saturation does result in storage time which 
places an upper limit upon switching speed. 

This chapter consists essentially of design examples, applying the principles 
described in detail in Chapters 3, 4, 5, and 6 to worst-case saturated-mode circuit 
design. The examples are intended to illustrate design principles rather than stand- 
ard practices. For this reason computer logic techniques 1 are not covered, on the 
assumption that the logic-circuit designer can reduce the input and output circuit 
configurations to their simplified equivalent circuits. 

This chapter covers design procedures for: 

1) Inverters 

2) Flip-flops 

3) Astable multivibrators 

4) Monostable multivibrators 

which can be considered the basic family of circuits for any switching 
system. 

Worst case design procedures are used in each example. When all limits used 
are absolute worst case, an extremely conservative circuit design results which 
ordinarily increases the total number of parts and the power dissipation of the sys- 
tem. In large systems to achieve high reliability it may be necessary to modify the 
procedure in accordance to some statistical method, such as Taylor Worst Case 2 
or Quantized Probability 3 . The design procedure in this chapter is not modified 
by this change in the limits. In the examples, it is assumed that worst-case transis- 
tor limits are available. These can be obtained directly from data sheets such as 
the one supplied for the 2N964A transistor, or they can be calculated from typical 
data sheet information in accordance with procedures described in Chapters 3, 
4, and 5 ; 

A bar over a term indicates a maximum value and a bar under a term indi- 
cates minimum. These usually are not absolute maximum or minimum limits but 
rather limits under a particular set of worst-case conditions. 
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Section 7-1 — Inverter Design 

The function of the inverter is to invert the polarity of an input signal pro- 
ducing an output within specified maximum and minimum voltage levels. It also 
provides gain. That is, the current which it can deliver to a load is A times the 
current required by its input. It can be designed to provide pulse restoration, or 
"squaring". 

A basic saturated-mode inverter circuit is shown in Figure 7-1-1. When 
the input signal is at Vj (a negative voltage for the PNP transistor shown), suffi- 
cient current flows through R K to overcome the current from the V BB — R B 
source and supply enough base current to drive the transistor into the saturation 
region. The output level is V = SV CE and maximum current is delivered to 
load #2. When the input voltage is at V , a level near ground, current from the 
V BB — R B source flows through R K and causes a reverse bias to be developed 
at the base which cuts off the transistor. The current from the V co — R c source 
now flows into the diode producing an output level V x = V K -f- V D , making cur- 
rent available to load # 1 . The input current may be many times less than that 
required by the loads so that the inverter provides current gain. 

If the source impedance of the preceding stage is low, the speed-up capacitor 
C K , may be very effective in reducing circuit response time. C K can be chosen 
from Q T data. 

The analysis of the inverter is straightforward and only the results will be 
shown. The most difficult problem is to select variables which may appear to be 
an arbitrary choice. The design procedure will also be different depending upon 
the criterion which is used to produce an optimum design. The criterion depends 
upon which is most important; gain, switching speed, or power dissipation and 
whether the inverter must drive some defined load. 




iljWrtiJJfl , 



Figure 7-1-1 — Basic RCTL Inverter Circuit 
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The switching speed as well as the dc gain is almost always maximum if the 
transistor is operated at its point of maximum gain. The reasoning is quite simply 
stated: 

Since very high gain — as well as minimum gain — transistors can be expected 
in a typical lot of transistors, the worst-case excess stored charge will be 

Qx == t bsIbi Where I B1 is the base on current as determined by the circuit 

and T BS is the storage time constant of the transistor 

This charge and therefore storage time will always reduce if the circuit can be 
altered to reduce I B1 : The minimum I B1 is, of course, slightly in excess of I c /^ t0 
insure saturation. However, if I c is reduced in order to lower I B1 , T A — and there- 
fore rise time — increases for a given circuit gain. Therefore high gain is im- 
portant. 

When starting a new design, a transistor should be picked which has a suit- 
able transient response and high gain, and it should be operated near the peak of 
its /? vs I E curve. Choosing I E largely fixes the amount of load current which can 
be developed. Often, though, the transistor must drive some load which has 
already been developed. In this case the collector current is determined by the 
load and a transistor is selected to have high gain at that current. In either case, 
an understanding of the output circuit is necessary. 



7-1-1 — The Load Circuit 

A general load circuit is shown in Figure 7-1-2; that is, any conceivable 
output circuit is of this form. For example, R L1 might represent a diode "and" 
gate load and R L2 a diode "or" gate load. In general, these loads would vary 
over a wide range depending upon the state of other circuits in the system. With 
variable loads, it is almost always necessary to employ clamps to hold the output 
levels within reasonable limits. The transistor, when on, clamps the "0"' level, 
while the diode clamps the "1" level when the transistor is off. Under the special 
case of a nearly constant resistance load, such as occurs with RTL logic, the diode 
may be omitted. 




(-) 




Vj "1" LEVEL 



Figure 7-1-2 — The General Load Circuit 
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VOLTAGE LEVELS: The first problem to be resolved is to choose the nominal 
levels and tolerance for the output levels, V and V x . The charge moved when 
switching from V to V\ is / i dt = C (V^ — V ). If switching speed is to be in- 
creased, either the signal swing must be reduced or current levels increased to 
reduce the effect of capacitance. For the common values of 1 to 50 mA of col- 
lector current employed with transistors of the 50 to 200 mW class, signal swings 
of 3 to 12 volts have been used. It should be obvious that as the level is reduced 
the tolerance must be tightened to preserve a reasonable amplitude difference 
between V x and V . This difference is a very significant figure; all stages must be 
designed to be in the proper state with either level applied, and must change state 
within a given amount of time, when the input changes from one level to the 
other. 

Suitable system levels, for low level high speed transistors, which will be used 
in some of the design examples in this chapter are listed in Table 7-1-1. 







TABLE 7-1-1 






Useful Voltages for System Levels 




Min. 


Max. 


V 



5 


1.0 

7.2 



In this table, V x has a larger tolerance than V since it is derived from the 
clamp diode and its power supply which will have much more variation due to 
temperature and loading conditions than V which is derived from a saturated 
transistor. 

The next step in the design would be to establish limits to be used in the de- 
sign of the input and output circuits of stages. Since the levels usually deteriorate 
in transmission through a system, the tolerance at the input could be expected to 
be greater than that at the output. The specifications for an inverter might look 
as shown in Table 7-1-2. 







TABLE 7-1-2 




Available Input Levels 


Required Output Levels 




Min. 


Max. 


Min. 


Max. 


V 

v x 


0.0 
5.0 


1.0 
6.9 


0.0 
6.0 


0.5 

7.2 



The choice of levels must be made with reasonable power supply voltages 
and tolerances, the dc saturation and gain characteristics of a transistor having the 
desired transient response, and the forward drop and speed of a suitable diode in 
mind. The breakdown rating of each semiconductor element should also be 
considered. These characteristics are easily found having designer's data avail- 
able as discussed previously in Chapters 3, 4 and 5. 

DETERMING Vcc AND R c : Once suitable levels and active devices have been 
selected, resistor R c and the power supply voltage V cc must be determined. This 
problem can be solved by analyzing the output circuit as shown in Figure 7-1-3. 
Here the loads have been replaced simply by the currents that they are required 
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icci 




O LOAD #2 



LOAD #1 



a) OFF STATE 



b) ON STATE 



Figure 7-1-3 — Equivalent Load Circuit During the Two States 



to draw when either a "1" or "0" is present at the output. That is, I u refers to 
the current drawn by load 1 when the output is at V 1; etc. 

Consider the action of the circuit. When the transistor is off, (Figure 7-1 -3a) 
the output is at Vj; and the maximum current required by load 1 is being de- 
livered. Some minimum current may be flowing from load 2 which will assist in 
supplying I n ; the remainder of load current as well as a small amount to keep 
the diode in conduction and to compensate for I ( . L must be supplied by R c from 
V cc . Thus 



Rn = 



■V, 



Id + In — J21 4" I<3L 



(7-1-1) 



where the denominator is the minimum_current (I ccl ) through R c needed to 
supply the load when y cc is minimum. I n — I 21 may be thought of as a net 
maximum load current Ij delivered in the "1" state. The normal case here occurs 
when T n > I 21 . If this were not so, load 2 could supply all the current required 
by load 1 and R c would be unnecessary, but this condition is not often encoun- 
tered. The voltage V' t is a particular value of Vj. The exact value of V'j depends 
upon several factors which will be discussed shortly. 

When the transistor is on, (Figure 7-1 -3b) the output is V . In this case 
attention is focused upon supplying the maximum current required by load 2. 
Some minimum current will be flowing from load 1 to assist; the rest of the load 
current plus that demanded by R c will have to be supplied by the transistor. In 
this case, I ( . is given by 



Ir 



Vco-Yo 
Ec 



+ I2 



■ II 



(7-1-2) 



Here the difference between I 20 and I 1(J may be thought of as a net max- 
imum load current I delivered in the "0" state. 
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CLAMP DIODE: The primary purpose of the clamp diode is to prevent V x 
from becoming very large when the load current is minimum. As the load current 
decreases, the drop across R c also decreases and V^ increases unless the diode 
clamps. Use of the clamp diode also allows V cc to be several times V : which is 
desirable in order to have the collector current low for a given load current. The 
diode greatly minimizes trouble due to the excessive drive which would occur in 
other transistor stages being driven from the inverter output. The value to use 
for V] in equation 7-1-1 is V t if the diode is not used or if it is permissible 
to have the diode cut off when maximum load current is being delivered. How- 
ever, a higher value for V^ is required if the diode is to remain always in conduc- 
tion even when the load current is maximum. This condition is desirable because 
it keeps the collector circuit impedance low (in the order of 26 ohms/mA of I D ), 
thereby minimizing noise problems. 

Imagine a theveninized equivalent of the general output configuration as 
seen by the diode. It will be simply an effective voltage \\ in series with an 
effective resistance R'. If the diode isjo conduct a given amount, it should be 
clear that the voltage V^ must equal V D -\- V K . However, Yi = Yk +Yd- This 
means that the actual Yi cannot be used in equation 7-1-1 to calculate_R c if it 
is desired to keep the diode always in conduction. Rather \\ = V K -f- V D must 
be used where V D is determined at minimum diode current which is selected to 
be several mA to keep the diode impedance low. 

To select diodes and determine their stored charge, maximum diode current 
must be known. It flows when the load current is minimum and may be expressed 
as: 

I D = i 21 - i n + Voo-¥k-Y d (713) 

The last term in equation 7-1-3 is the current T CC1 which flows when R r is mini- 
mum and V co is maximum. 

RATIO OF COLLECTOR CURRENT TO LOAD CURRENT: In the following discus- 
sion, it will be shown that it is preferable to have V cc and R c large from a circuit 
efficiency viewpoint. 

In order to obtain a useful solution it is necessary to define: 

R r = (l+n R )R r , R r = (l-n R )R r 

V cc = (1 + n P ) V fV , V rr = (1 - n,,) V rr 

Where n R and n t , are the resistor and power supply tolerances respectively. 
Since the resistor tolerance appears in a number of equations, it is convenient 
to define a resistance tolerance modifier as: 

l + n R _R 
NR -l-n R -R- 

In this expression n R is expressed as a decimal. With n K expressed as a per- 
cent,N R is plotted in Figure 7-1-4. Since this ratio is encountered often, Figure 
7-1-4 is a useful design tool. 

Using the previous definitions for I and I CC1 , write equation 7-1-1 as 

(1 _ n P lV, r - V, 
(l+n„)R c = -5- 
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Figure 7-1-4 — Tolerance Multiplier 



and write equation 7-1-2 as ( V = ) 

= (1 + n F ) V cc , - 
I °-(l-n R )R c + I ° 

Combining these equations to solve for a term y which is defined as the ratio 
of the current through R c for a "0" (I C co = Ic — W t0 the current for a "1" 
(Icci) it is found that 



y = 



Ic-Io 



= N„ 



1+% 



icci 



1 



(7-1-4) 



Note that the resistor tolerance N R appears as a constant multiplier of con- 
siderable importance. Equation 7-1-4 is plotted in Figure 7-1-5 with power supply 
tolerance as a parameter. In many circuits I is zero and I ccl essentially equals 
l x which means that y is the ratio of collector current to load #1 current. This 
graph clearly shows the benefits of making V cc — R c approach a current source. 
Note the severely high ratio of current through R c and the collector, to the cur- 
rent through the load, which results as V cr approaches Vj. 

MINIMIZING POWER DISSIPATION: The power dissipated in Rc imposes a 
practical upper limit upon V (l . and R r . Notice from Figure 7-1-5 that as V'j/ 
V cc becomes small, y approaches unity. This indicates that the V CC R C source is 
approaching a current source because the current through R c for a "0" output 
level approaches that for a "1" output level. The drop across R c , therefore, ap- 
proaches V cc making the power dissipated in R c proportional to V co . At the 
other limit, as V',V/ CC approaches unity, y becomes very large, making the cur- 
rent through R ( . become very large at the "0" output level. At this limit the 
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dissipation in R c becomes proportional to y. Somewhere between these extremes 
there is a point where the dissipation in R c is minimum. In a given circuit, max- 
imum dissipation occurs under conditions of "0" output and can be written with 
the aid of equation 7-1-4 



?d — Icco Vcc — y Icci V cc = N R 



(1 + n P ) IcciVcc 
l_n P -VyVco' 



This equation can be solved for the value of Vcc/V'j, which will minimize 
P D , by taking the derivative, holding I C ci constant, and setting the derivative 
equal to zero. This yields 



Vco 

vv 



i 



(7-1-5) 



This result simply says that for minimum dissipation in R c , the minimum 
collector supply voltage should be twice the minimum output voltage. However, 
the current and accordingly the dissipation in the transistor approaches twice 
what it would be with V cc >> 2V 3 as seen from Figure 7-1-5. Usually it is 
preferable to keep collector current as low as possible rather than to minimize 
circuit dissipation, which makes use of a V cr from 3 to 6 times V\ a good com- 
promise. Figure 7-1-5 is valuable as an aid in the determination of suitable output 
networks. 
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Figure 7-1-5 — Ratio of Collector to Load Current vs. Ratio of 
Output to Supply Voltage 

EFFECT OF LOAD CAPACITANCE: In many cases, the load circuit has a capac- 
itor to ground. To improve switching speed the collector resistor can be chosen on 
the basis of transient response rather than dc conditions. The capacitance could 
be stray or line capacitance to ground, or a speed-up capacitor used in an inverter 
or flip-flop, or a timing capacitor used in a multivibrator. (Speed-up or timing 
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Figure 7-1-6 — Plot of Rise time Function 

capacitors have one end connected to the base of a transistor which is a virtual 
ground when the transistor is on.) 

When a transistor is being turned on, it can easily drive a capacitive load, 
since the capacitor appears to the input signal reduced in magnitude by the cur- 
rent gain of the device. However, when the transistor is being turned off, once its 
current drops to zero the transistor can no longer drive the load capacitor. The 
capacitor decay then is governed only by the R-C time constant of the load. 

The general R-C circuit behavior is given by 



or 



v = V F (1 



t = RCln- 



c ) 



v c 



(7-l-6a) 
(7-l-6b) 



where 



v c is the capacitor voltage as a function of time t 

V F is the final voltage which the capacitor can achieve; 

i.e.: the voltage which it "sees". 

These expressions assume that initially the capacitor voltage is zero. 

Notice from Figure 7-1-6, which shows general R-C circuit behavior, that the 
time taken to reach 90% of the final voltage is 2.3 time constants. This time can 
be considerably shortened if a clipping circuit is used to remove the slowly chang- 
ing portion of the exponential. The clamped output circuit can accomplish this 
clipping if R is chosen so that the level Y x would assume in the absence of the 
diode is greater than the actual W x desired. The diode is often called a "catch" 
diode, when used in this manner. 
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Figure 7-1 -7a — Circuit Used in Transient Analysis 



The circuit of Figure 7-1 -7a will be analyzed to obtain design guides in order 
to choose values for the components in the output network. 
In the absence of the diode, the 90% rise time will be: 



where: 



t r = 2.3 R' C 



(7-1-7) 



R'n = 



Ro + Rl' 



The output voltage V x will equal the final voltage V F . 

Rr,V™, 



R L + Rc 



(7-1-8) 



A comparison between a clipped and an undipped case is informative. If 
it is desired to keep V 1 at the same point in each case, V K must be chosen so that 
V K = Vj — V D . Assume that V K has been determined according to the previ- 
ous criterion, then, V cc is doubled, and all other values held fixed. In this case, 
the voltage which the capacitor is trying to charge toward would be 2Vj. How- 
ever, the diode "catches" the voltage at Vj. From Figure 7-1-6, observe that the 
time to bring v to .5 V F is .69 RC. The on current through the switch has 
doubled since V cc has doubled. However, the rise time has decreased by a factor 
of 3.34, which represents a considerable improvement. Rise time could be 
further improved by increasing V cc even more, but the improvement would be 
roughly proportional to the increase in current through the switch since the slope 
of the curve is becoming more nearly constant. 

As intuitively expected from the exponential behavior, raising V F a slight 
amount above \ 1 results in a considerable improvement in rise time. Further 
increases of V F result in progressively smaller decreases in time on a percentage 
basis. Figure 7-1 -7b shows the nature of the compromise where the amount of 
improvement in rise time (to the 90% point), due to clamping, divided by the 
increase of switch current, is plotted against the ratio of final voltage to clamp 
voltage. It is seen that there is little percentage increase in the clipping improve- 
ment factor (F K ) for V F /V X > 3. 
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Figure 7-1 -7b — Improvement Factor Resulting from Clamping 



Figure 7-1 -7b was plotted by taking the ratio of rise time to the 90% point 
for the undipped waveform (V! = 0.9 V F ) to that obtained from the general 
equation under conditions of V 1 /V F variable and dividing that result by the in- 
crease in the on switch current which results. That is. 



t rl = 2.3 R' C when V t = 0.9 V F , the undipped case. 
1 



t r2 = R' c C In • 



-, for variable Vj/Vp. 



1— 0.9V!/V F ' 
Under all conditions: 

I c = V F /R' C = V cc /R c 
When clipping is not employed, V F = \ v 



(7-1-9) 
(7-1-10) 



Therefore, I C1 = —j~ for the undipped case and I C2 = ^7-, for variable VVVp. 
R c R c 

Combining these relations 

2.3R' C C 



w^- RcCln U-°- 9V i/ v J 



Vi_ / Vf 
R'c R 'o 
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which simplifies to: 



"($) 



-'='■■( . -0.9V./V. ) (7 - 1 - 1 " 

These results can be extended into a useful design guide for cases when it is 
necessary to change the level on a capacitive load within a fixed time. 

Substituting equation 7-1-8 into equation 7-1-9 and rearranging yields 

V CCr 

t r2 = R' C C In j- ^-r (7-1-1 2) 



RL (^f -0.9)-0.9R c 



The load current is 

I -Xl 

Combining this expression with equations 7-1-7 and 7-1-12, the result is 

t _Vcc RlC . V cc /Vi r?1l3 . 

r2 ~ V! (Vco/Vi + Io/Ii) (Vco/Vi - 0-9) - 0-9 VqA 

It is convenient to define a load time constant 7- L as 

Tl = RlC 
from which the ratio of t r to -r h can be written 

♦ / Vcc/Vi 1n Vcc/Vi r7114 , 

r TL _ Vcc/Vi + Ic/Ij m (Vcc/Vi - 0.9) V CC /Vi - l ' 

Io/Ii 

This result is plotted as Figure 7-1-8. From this graph, the required collector 
current to charge the load capacitance in a given time can be easily found. The 
place where the curves end, as i T li% increases, is the point where the clipping cir- 
cuit has no effect, i.e.: Vi = V F . These curves also reflect the result of Figure 
7-l-7b; less collector current is required to charge the capacitor in a given time 
interval as V c is allowed to become higher. 

7-1-2 — Coupling for Maximum Transfer Efficiency 

Cascaded inverters are required when it is necessary to obtain more gain 
than a single stage inverter can supply. Also, a second stage is often necessary 
to isolate a variable load from a multivibrator. In these situations, the interstage 
voltage (Vi) is not required to be at any particular level; therefore an opportunity 
is provided to minimize the collector current of the first stage by making R as 

182 



Saturated Mode Circuits 



1 3 































































































v cc= : 


v l 
















v cc= 10 V 
























\ 


^ 
























^ 


^ 


^ 


\ 

































0.1 0.2 0.3 0.4 0.5 0.6 0.70.8 1.0 2 3 

Figure 7-1-8 — Ratio of Collector Current to Load Current 

large as possible. The only requirement is that conditions be such that sufficient 
base current in the on state, and off bias, in the off state,is applied to Q 2 as shown 
in Figure 7-1-9. 

The governing equations can easily be written from Figure 7-1-9 



Ynn - Vp 



R« 



+ V B 



R 



S, 



Yob + SVq e , Ybb - Y ob 



R* 



R R 



= Ip 



(7-1-15) 



(7-1-16) 



Equations 7-1-15 and 7-1-16 need to be combined into a single equation so 
that a differentiation can be performed, the result set equal to zero, and optimum 
conditions found for R B , R K , and R c . Solving for R B in equation 7-1-16, substi- 
tuting it into equation 7-1-15, and rearranging, it is found: 



1 



1 + E C /R K - (Y c 



which is of the form 



-^T-y L + Wl + n B ) (^ + ^l) 1 R B 

— V BE-> L \XBB — Y.OB/ J 

, (Vbb + Vbe) (Yqb + SVce) n , n ,m 
+ (Y BB -Yob) (Y co - V be ) (1 + Db)Nk ' 



1 



1 + Rc/R K 



: AR K + B. 



where A is the coefficient of R K and B is the constant. A and B contain only terms 
which are known. Solving for R c 
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Figure 7-1-9 — Interstage Network 



Rr 



R K (1 +B) — AR 2 K 



A R K + B 

Taking the derivative yields 

dR c _ (A R g + B) (1 + B — 2A R K ) - R K (1 + B — A R 2 K ) A 
dR K - (AR K + B)2 

Setting this expression equal to zero and solving 



(7-1-17) 



R K = — B/A ± 



<[\Y +^"+ B) 



Since R K must be positive, only the positive radical is significant and upon simpli- 
fication the result is 



R *=-W 



2 4- 1/B— 1). 



(7-1-18) 
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The value computed for R K could be inserted in equations 7-1-15 and 7-1-16 
and they could be solved simultaneously for R c and R B . Or since A and B must 
be computed in order to solve equation 7-1-17, R may be solved by putting the 
expression for R K into equation 7-1-17 which yields 

( ±±®ty2 + 1/B - 1) - J (V2 + 1/B - 1)2 

Rc = — ; (7-1-19) 

V2 + 1/B 

Further considerations involved in this coupling circuit apply as discussed in the 
following section on the input network. 

7-1-3 — The Input Network 

Design of the input network when W 1 and V have discrete values allows 
less choice than the output network and is less complex. It can be designed solely 
on the basis of dc conditions, assuming that if necessary, a capacitor can be used 
to enhance speed. If resistance driving is employed, the input network can be 
designed on the basis of transient response which will be discussed later. 

The input network can be found by solving the following simultaneous equa- 
tions which are easily written from Figure 7-1-9. 



Yob + V Ybb - Y, 



OB 



R K (1 - n) R B (1 + n) 

Yi - Vbe Vbb + Vbe 
R K (1 + n) R B (1 - n) " 



h I BL = (7-1-20) 

I B = (7-1-21) 



Depending upon the transistor characteristic, either the high or the low 
temperature extreme could be worst-case. The off bias voltage (V 0B ) must be 
greater than V TR , which is defined as the _reverse_ base-emitter voltage required 
to hold I CL to a value near its minimum. V TR & I BL always occur at high tem- 
perature limit and must be determined from transistor data. When determining 
high temperature data only, the junction temperature to be used should include 
the increase over ambient caused by power dissipation in the on condition. V BE 
always occurs at the low_temperature limit. However, I B and SV CE occur at 
high temperatures, then V BE used in the equation should also be a high tem- 
perature limit. 

The bias source V BB may be open to choice. Reasoning similar to that ap- 
plied to the output network will show that V BB — R B should approach a current 
source; that is V BB should be large compared to the voltage shift at the base. 

Regardless of the values used for R B and V BB a specifiied current through 
R B is required to establish V 0B . For an example, assume that V BB is just a few 
times larger than V OB . When the input level goes to V 1 , the voltage at the base 
must reverse polarity and increase to V BE . This voltage shift will increase the cur- 
rent through R B , resulting in an unnecessary reduction in drive current as all 
the current through R B must be overcome by the input current to provide base 
current. A useful "rule of thumb" is to make V BB at least as large as \ v Power 
dissipation in R B is low and therefore is usually not a factor. 

The coupling capacitor C K can be selected using Q T data as outlined in 
Chapter 5. 

185 



Saturated Mode Circuits 

The principles so far discussed are illustrated in the inverter design example. 
This example is done in detail to provide a guide for using the designer's data 
sheet to obtain worst-case values and also, to illustrate the principles of inverter 
design. 

7-1-4 — Minimizing Switching Time of RTL Stages: 

By using the relationships derived in Chapter 5, the proper relationship be- 
tween I B1 and I B2 can be found to minimize the switching time for a given stage 
gain, A. In RTL circuits where speed is important, overdrive is heavy and recom- 
bination can be neglected. The appropriate relations to use are then: 



*r — Tn Ic/Ibi t B — T-n 



Ibi 



Iiw + W2 

tf = Ti Ic/Ib2 t d = Qob/Ibi 

As shown in Figure 7-1-10, in RTL circuits, the input current I K must overcome 
I B2 from the bias source and provide I m to the transistor. Defining the stage gain 
as 

A = TT = *? (7-1-22) 

L K A B1 T" *B2 

I can be written as 

I c = A I B1 -\- A I B2 . 
The off bias voltage is given approximately as I B2 R K . Thus 

Qob — Ib2^k Qir 
where C in is the effective input capacitance due to C ib and C ob . The product 
Cm Rk can be regarded as an input time constant T in . 

Substituting these relationships in the RTL transient equations, the following 
equations result 

A Ibi H~ A I b2 ^ _ Ibi 



t r = T A "%' —< t, = T, 



Ibi I B 2 + IbiA 

A Ibi + A Ib2 . Tm Ib2 



Ib2 Ibi 

In order to find the proper relationship between I B1 and I B2 define the drive 
ratio D as 

D = I B1 /I B2 (7-1-23) 





Approx.I B2 |>r b 0B — - 



V 

■bb bb 

a) "ON" CONDITION b) "OFF" CONDITION 

Figure 7-1-10 — Conditions for an RTL Circuit 
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By using the drive ratio D and summing all the transistor times the total 
switching time (t t ) can be found. 

t t = t r + t, + t, + t a 

= T A (A + A/D + AD + A) + T BS 1+ D D/2 +^§~ 

In order to get a tractable solution the D/2 term in the t s expression is ne- 
glected. This over-emphasizes the importance of I R2 in minimizing storage time 
and leads to a result which yields I B2 higher than desirable. However, the solution 
is still useful as a "rule of thumb". 

Taking the derivative yields 

■ = T A ( ™~ + A ) + T BS =S" 



dD A D 2 ^ ' ^ Bb D 2 

Setting the derivative equal to zero and solving 



Dopt = yj- 



f T A+ T m (7-1-24) 

AT A + T BS 

The result shows that when T in > T Bg , I B1 should be larger than I B2 ; for 
T in <T B s Ibi should be less than I B2 . If T in and T BS are negligible I B1 = I B2 . In 
a general way, the equation is in conformity with what intuitive reasoning would 
conclude. However, the result should not be considered as an exact answer since 
the storage time equation was oversimplified and the effects of recombination 
neglected. 

Once A is chosen and D opt is determined, the switching times are determined 
for a given transistor type. The forced gain (/? F ) can be found by combining equa- 
tions 7-1-22 and 7-1-23. 

fa = -^- = A (1 + 1/D) (7-1-25) 

*bi 
Using equations 7-1-23 and 7-1-25 to solve for I B1 and I B2 , the input net- 
work values can be determined from the loop equations which can be written 
from Figure 7-1-10. 

T V BB — V BE V BE — V ,_ - _,, 

I B 2 = p + p " (7-1-26) 

T Vj — V B E VbB VbE n i -J7-, 

1 B1 - — - \I-Y-LI) 

% K B 

Once nominal values are found, worst case conditions can be calculated and 
maximum switching times computed. 

7-1 -5 — Tolerances of Passive Elements 

In the design procedures to be given in this chapter, often two or three simul- 
taneous equations must be solved. Rarely will the value obtained for a component 
fall very close to a standard value. It is important, therefore that the tolerances 
used in the equations not only include the effects of temperature, aging, and initial 
deviation from nominal, but also include a factor representing the worst deviation 
from a nominal standard part value that a component might calculate to be. 
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The standard values for high quality precision resistors are in approximately 
1 % increments. Thus the maximum error between a calculated value and a stand- 
ard part would be V2 % which is normally of little concern. It is standard prac- 
tice to allow worst case limits for these resistors to be ± 5% to account for this 
initial tolerance problem as well as for aging and variations due to temperature. 
By obtaining information for a specific type, this overall tolerance might be 
found to be considerably less. 

For carbon resistors, the standard EIA values are in 10% increments. Thus, 
even if 5% tolerance resistors are used, a maximum difference of 5% could exist 
between a calculated value and a standard part value. These resistors are also less 
stable with temperature and age. To account for all these deviations it is standard 
practice to use a tolerance of ±20% for 5% components. When using these re- 
sistors it is very important to obtain tolerance data as the use of wide tolerance 
resistors imposes a severe penalty upon circuit performance. This problem is 
illustrated by the example flip-flop design. 

Capacitors cause less trouble because in circuits the tolerance does not multi- 
ply as resistor tolerance does. Normally only minimum values are required at 
some worst case temperature. Silver mica capacitors fill the needs of most trigger 
and coupling capacitors while inexpensive ceramic types serve adequately as by- 
pass capacitors. 





TABLE 7-1-3 


INVERTER DESIGN DATA 




AVAILABLE INPUT LEVELS (VOLTS) 


REQUIRED OUTPUT LEVELS (VOLTS) 


V 
Vi 


Min. Max. 

—1.0 
—5.0 —6.9 


Min. 

0.0 
—6.0 




Max 

—0.5 

—7.2 


LOAD CURRENT REQUIREMENTS (mA) 


At Output Level V 
At Output Level V x 


Ii 


I2 


Min. Max. 




Min 


Max. 


1 20 

2 30 




4 

2 


16 
8 


AVAILABLE POWER SUPPLY VOLTAGES 

Minimum —17.1 +17.1 —11.4 +11.4 
Nominal —18 +18 —12 +12 
Maximum —18.9 +18.9 —12.6 +12.6 




-5.4 +5.4 
-5.5 +5.5 
-5.6 +5.6 


AMBIENT TEMPERATURE OF INVERTER ENVIRONMENT 

—55 to +65°C 


COMPONENT TOLERANCES 

Resistor tolerances ±5% end of life 

(±1% initial) .'. N K = 1.105. 
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Figure 7-1-1 1 — Estimated Forward Conduction Characteristics for a 1N3605 Diode 
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SECTION 2 - FLIP-FLOP DESIGN 

The basic flip-flop, or bistable multivibrator circuit is shown in Figure 7-2-1. 
It has two stables states — Q x on and Q 2 off, or Qj off and Q 2 on. Application of a 
trigger causes the flip-flop to change state. For every two triggers the flip-flop will 
be in the same state; thus it counts by two's and is often called a binary circuit. 

The flip-flop is used in electronic counters as the basic counter unit and in 
timing circuits as a frequency divider. The widest usage is found in digital com- 
puters where it functions as a storage unit in performing logic. In this application 
a system of gates is used at the trigger so that the flip-flop changes state for only 
certain combinations of inputs. In computers, it is generally used with clamp 
diodes or output amplifiers, but the circuit of Figure 7-2-1 may be considered 
the heart of any flip-flop. 

To produce a reliable and useful flip-flop, the circuit must fulfill the follow- 
ing conditions under some worst-case combination of component and power 
supply tolerances : 

1 . The flip-flop must remain in a stable state unless triggered. To insure this 
condition, the coupling resistor (R K ) and the bias resistor (R B ) must be so 
chosen that when one side is on (collector voltage at SV CE ) the other side 
is biased off and simultaneously the output voltage at the off side allows 
sufficient base current to drive the on side into the saturation region. 

2. The output voltage level must remain within fixed limits while allowing 
for a maximum load current to flow. 

3. The flip-flop must change state within a prescribed time after application 
of a trigger pulse. 





Figure 7-2-1 — Basic Flip-Flop Circuit 
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7-2-1 — Synthesis Equations 

Since the flip-flop can be considered as two cross-coupled inverters, the re- 
sulting design equations are very similar. The chief difference is that the current 
through R when the output is at Vj, must not only supply the load current 1 ± but 
also the feedback current I K , which holds the opposite side on. 

For simplicity, let V BE = 0, since this is the worst case, and by inspection of 
Figure 7-2-2a write 

Yi 



7 Ycc-Yi T 
R 



R K 



As with the inverter, the input network is described by the equations 



+ sv c 



Y„ 



Yn 



and 



Rk 



V 



Xi -v„ 



R* 



V BB + V E 



+ Ibl = 



I R = 



(7-2-1) 



(7-2-2) 



(7-2-3) 



Rk Rb 

which may be written by inspection of Figure 7-2-2 a & b. These three equations 
can be solved simultaneously by using matrix techniques for the unknown resis- 
tors. A problem arises because the collector current is unknown; and it determines 
I B and, to a large extent, values for the other transistor characteristics in the 
equations. Therefore, a preliminary method of estimating I c is necessary before a 
circuit can be designed. 

Of course, the three equations could be solved by guessing values for the 
transistor characteristics. Then I c could be solved for, which would permit accu- 
rate transistor values to be found. Then, using these transistor values the matrix 
could be resolved. This would work well since the saturation voltages normally do 
not affect circuit currents significantly. However, the currents in the equations, 
particularly I B , normally have a large effect upon the required resistor values. This 
problem can be overcome by using the ratio of collector to base current (/J F ) in 
equation 7-2-3. That is 



(neglecting SV CE ) 




(7-2-4) 



Figure 7-2-2a — Conditions with Q 2 Off 
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1 o VW 



% ! K1 ! K2 




Figure 7-2-2b — Conditions with Q 2 On 



where I = maximum load current with the transistor on. 

As long as f3 F is held constant, errors in the estimated collector current will 
not significantly affect the values for SV CE and V BE . 

The values of I BI> and V 0B used in equation 7-2-2 depend upon the junction 
temperature, which is affected by the power dissipation. Normally, in the saturated 
mode flip-flop, the dissipation is low and the junction temperature is only slightly 
above the ambient. Thus I BL and V 0B also can be estimated even though T T is not 
known exactly. 

A simpler method of finding I c consists of examining the output network 
and making an estimate of the coupling efficiency as follows. 

For the inverter, the output circuit was analyzed and the following equation 
developed 

k~ r o _ XT . 1 + n P 



Y = ■ 



N F 



(7-2-5) 



Icci '« i - n P - vy V cr 

where 

_I CC1 = the minimum current through the collector resistor 
Ic = the maximum collector current 
I = the maximum load current with the transistor on 
Ij = the maximum load current with the transistor off 
N RC = collector resistor max./min. ratio 
n P = power supply tolerance 
V'j — minimum output voltage 
V cc = nominal collector supply voltage. 

A graph of equation 7-2-5 is shown in Figure 7-1-5. 

To start a design, I c must be estimated. I CC1 =« I t -j- I K but I K is unknown. 
An estimate for I K can be found as follows : Experience indicates that I g is almost 
always less than I B ; being pessimistic assume they are equal. Thus, 

2I C 



I K1 = I B + I B 



2Ip 



/?F 
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21 
The current I K1 effectively adds to Ij. Substituting I CC1 = I x -| =£- i n t 

equation 7-2-5 find P* 



y = 



I O + Io 

T 1+ 2Tc 



Pv 
Where I' c indicates an estimated I c including the effect of I K j. Simplifying: 

V c = yIl + T ° . (7-2-6) 

Pf 
This expression can be used with Figure 7-1-5 to estimate I c and thereby obtain 
transistor values for use in the matrix. 

After the matrix has been solved, other worst-case limits must be found to 
complete the design. 

To check for latch-up problems Vj must be determined. The voltage (Vj) 
will be maximum when all currents are minimum and the supply voltage is maxi- 
mum. (I CL wOat low temperatures). Rewriting equation 7-2-1 

y _ v cc Rk + v be Rl — Ji Sc R K (7-2-7) 

1_ Rk+Rc 

In order to find maximum stored charge and storage time, I B must be deter- 
mined. This can be done by rewriting equation 7-2-3 

Ib = Vi — Ybe Ybb — Ybe (7-2-8} 

Sk Rb 

To check for the maximum reverse bias on the emitter junction, V 0B must 
be found. Equation 7-2-2 can be rewritten for this purpose. In most cases I BL 
and SV CE are negligible and the expression reduces to 

Vqb = V BB R K 



(7-2-9) 
Rk + r b 
This completes the dc analysis and development of the necessary synthesis 
equations. 

7-2-2 — Triggering 

A good deal of the problems associated with flip-flop operation can be traced 
to difficulties with triggering. The trigger signal should inject just enough charge 
to change state of one of the transistors. Also, the trigger circuit should be self 
gated; that is, as the flip-flop changes state, it should remove the trigger signal so 
that there would be no tendency for the trigger to cause the flip-flop to revert to 
its original state. 

One of the most satisfactory methods of triggering is shown in Figure 
7-2-3. The circuit operates as follows: When the leading edge of the trigger 
pulse arrives, the diode D connected to the on side provides a low impedance 
path to charge C T to the pulse amplitude, (— 5V in this circuit) less the diode 
drop. When the trigger returns to ground, the anode of D T is raised to -f- 5V; 
since its cathode is near ground potential it conducts heavily discharging C T 
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Figure 7-2-3 — Flip-Flop Showing Trigger Circuit 

into the base of the on transistor. If the charge on C T is greater than the total 
control charge Q T of the transistor and R g is small, then turn-off will be very 
rapid. Note that the flip-flop is actuated on the trailing edge of the input pulse. 

There is a compromise involved in selecting the value of R T . Notice that 
when a side is being turned off, R T appears in series with D T from base to collector 
causing an undesirable shunt. Thus, as the voltage on the collector starts to rise, 
a negative feedback current flows through R T to the base and slows the fall time. 
This problem is alleviated if R T is high. 

Note, however, that D T will continue to conduct until the voltage across it 
has reached zero. Recovery time problems arise because normally not all the 
charge on C T is used in turning off the transistor. Suppose, for example, that 3 
volts were left on C T . The transistor is now cut off, so the circuit impedance is 
fairly high resulting in a long discharge time for C T . However, by making R T 
small, the remaining 3 volts of trigger charge can be completely removed and then 
C T can be charged to the collector voltage, Vj at a faster rate. It is not necessary 
that the voltage at the junction of C T and D T be at V 1 when the next trigger pulse 
appears, but it should be at a voltage which cuts off the diode D T . When the lead- 
ing edge of the trigger pulse arrives, it will bring this junction point voltage up 
to V 1( thereby back biasing D T . If sufficient reverse bias is not present on D T it 
will conduct on the trailing edge and inject a positive voltage into the off side 
which opposes the regenerative action. Therefore, R T should be low to reduce 
this problem. 

Usually, making R T about 2 to 4 times the value of R K is a suitable compro- 
mise, however, it is better to experimentally optimize its value. 

Note that C T must charge through the collector of an on transistor. The re- 
quired current can be appreciable and may cause a transistor to come out of 
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saturation prior to the trailing edge of the trigger. Therefore, this current should 
be computed and added to the value of I c used in the design. 

The value of the trigger capacitor can be found from the general equation: 

C T = ^-. (7-2-10, 

AYt ' s given by: 

AY T = (Y T - SV CE - V DC - V DT ) 
where: V T is the trigger amplitude 

SV CE is collector saturation voltage 

V DC drop of diode D c 

V DT drop of diode D T . 

Since Q T and SV CE increase with temperature and the diode drops decrease, 
values at minimum and maximum temperature must be found in order to deter- 
mine which is the worst case value. 

7-2-3 — Cross Coupling 

Selecting the cross-coupling capacitor also involves a compromise. Since 
the turn-off of collector current is rapid due to the injection of Q T from a low 
impedance source, the decay time of the collector voltage will be due to the time 
constant C K forms with R K , R , and R L in parallel, and could be long if 
C K is large. However, the turn-on delay and rise time of the other side will be 
improved if C K is large. Usually, a value of C K selected so that its change in 
charge is about 2 to 5 times TaIc + Qob ' s a satisfactory estimate, and the 
circuit may be experimentally optimized. 

Table 7-2-1 shows typical measured switching times, for the design example, 
without C K and with C K = 20 pF (the optimum value). The table also illustrates 
the effect of making R T too small. 

TABLE 7-2-1 





Typical Flip Flop Performance 








(5% tolerance circuit) 








t d (n s) 


t r (ns) 


t 8 (ns) 


tf(ns) 


ttotal 


c K = o 

R T = 20K 


49 


36 


6 


33 


124 


C K = 20 pF 
R T — 20K 


14 


15 


6 


62 


97 


C K = 
Rpp = 5K 


47 


44 


6 


78 


175 


C K = 20 pF 


14 


22 


6 


150 


192 
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7-2-4 — Design Variations 

As Table 7-2-1 clearly shows, the longest switching interval is fall time if C K 
is used and delay and rise time if it is omitted. There are variations of the design 
procedure which can be used to shorten these times. However, they all come at 
the expense of more trigger energy. In digital computers this is not much of a 
problem since more clock power can usually be easily provided. In a counter 
system, however, this could mean employing trigger amplifiers. 

Fall time can be improved by using clamp diodes, and selecting R L and R c 
so that the value, which Vj would assume in the absence of the diodes, is greater 
than 1.5 times the clamp level. The "catching" action of the clamps will linearize 
the fall time and clip off the slowly changing portion of the exponential. This 
procedure was fully discussed in the inverter section. The results of using diodes 
are shown in Table 7-2-2, where the clamp level was adjusted so that Y 1 = 5V. 
As R L is increased, V 1 tries to find a higher level and the catching action of the 
diodes is improved. All other component values are unchanged. 

Delay and rise time can also be improved by selecting p F to be much lower 
than that based upon the dc conditions, in which case the cross-coupling capaci- 
tors can be omitted. Delay time may be improved by using diodes from the bases 
to ground to prevent V 0B from exceeding few tenths of a volt. Fast germanium 
diodes should be used for this application. The diodes also hasten recovery 
time since the impedance at the base is kept low at all times, thereby 
speeding recovery of C K and C T . 





TABLE 7-2-2 










Improvements Due to Use of Clamp Diodes 


Rl 


td(ns) 


t r (ns) 


t s (ns) 


tf(ns) 


ttotal 


1.68K * 
5.0K 

00 


14 
14 
14 


15 
8 
5 


6 
6 
6 


62 
37 
17 


97 
65 

42 


*No Clamp Diodes 



7-2-5 — Flip-Flop Synthesis Procedure 

There are basically two different approaches to synthesize a flip-flop. 

1. The flip-flop can be designed by simply using two inverters connected 
back-to-back. It is presumed that the inverter was designed and optimized 
according to some criteria; that is the transistor is operating near its maxi- 
mum gain point or point of maximum speed, etc. Then, the flip-flop 
would also be of similar optimum design. This is often done in digital 
systems and the procedure used for inverter synthesis would be used. 

2. The flip-flop may be required to drive a given dc load. Unless there is 
some restriction on output impedance, then the flip-flop can be designed 
solely on the basis of supplying a given load current at a given output 
voltage. Using this criteria, I may be kept to a minimum. Making I c as 
low as possible will lower the required energy necessary to trigger the 
flip-flop. This is the design procedure used in the example. 
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As discussed with the inverter, in any dc system, it is necessary to establish 
limits for the two signal levels. The level near ground is called the zero ("0") level, 
designated V , and the high level is called the one ("1") level, designated Vj. The 
design procedure described insures that the flip-flop will deliver a given current 
to the load, while maintaining the "1" level above a required minimum, and that 
the "0" level will be below a specified maximum. The design is based upon just 
meeting these requirements under worst-case conditions, thereby avoiding the 
inefficiency, expense, and poor reliability of overdesign. 

PRELIMINARY DESIGN CONSIDERATIONS: The output levels must be chosen 
with the transistors to be used in mind or vice versa. The transistor must be able 
to provide the saturation voltage, SV CE , required for V with a reasonable gain 
and, of course, the breakdown voltage rating must exceed the maximum limit for 
W x . In the discussion to follow, a bar over a term indicates a maximum and a bar 
under a term indicates a minimum condition. The symbol n is used to indicate 
tolerance, assumed ± by the same amount. 

The advantages of keeping the ratio of V'j/V^ low were discussed in the 
section on the inverter. However, in the flip-flop it should also be clear that the 
V'j/Vcc ratio imposes a lower limit upon the transistor current gain. Consider 
a case where no dc load is present, i.e. , I x = I K . Further assume that the efficiency 
of the R B — R K network is 50%, i.e., the current I s resulting from establishing 

the off condition is equal to I B , the on base current. Then the ratio of -=£-=— ' 

h 2 
Thus, by referring to Figure 7-1-5, it is seen that if the Vj/V^ ratio is near unity, 

very high gain transistors become necessary. In the usual case, where a dc load 
current I x is required in addition to the feedback current I K , the current gain re- 
quirement increases greatly in comparison to the simple case just discussed. 

The advantages of a low VVVcc rat i° are not without price because this 
makes the V cc — R c source approach a current source. Therefore, variations in 
the load R L will result in changes in the output voltage. A high output voltage 
results in excessive overdrive into the on side of the flip-flop and any transistor 
stages driven from the output which causes longer storage time. However, the 
solution to this problem is not to make R c low; it is much better to achieve output 
voltage stabilization by using clamp diodes at the output as shown in Figure 
7-2-4 if the change in output voltage becomes troublesome. The design procedure 
with clamp diodes is essentially the same as without them, since the procedure is 
based upon providing a minimum 1 1 to a load when Y 1 is minimum. With clamp 
diodes, the current I± effectively must be increased by a small amount in order to 
have current available to keep the clamps always in conduction. Further consid- 
erations when using clamps were discussed with the inverter. 

The clamp power supply voltage is determined by 

V K = (V'i + V D ) / ( 1 - n P ) (7-2- 1 1 ) 

and the maximum output voltage is given by: 

V x = (1 + n P ) V K - V D (7-2-12) 

2I r 
* I, = I K = 2I B = -^- 
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* V BB 



Figure 7-2-4 — Basic Flip-Flop with Clamps 



The diode voltage drops (V D and V n ) are obtained from the diode characteristic 
curves at conditions of I D at the high temperature limit, and I D at the low tempera- 
ture limit respectively. 

If clamps are not used, it is not possible to give an accurate value for V l for 
a variable load until the design is complete. If the minimum load current were 
zero, Vj would approach V cc . 

DESIGN PROCEDURE: The first step in design is to select a suitable VyV cc 
ratio based upon I x and the supply tolerances. Then, neglecting I K , I c can be 
estimated. This estimated value is called I' c ; with it known, a transistor with 
suitable characteristics can be selected. Then,_by obtaining a value for /3 F , the 
forced gain or circuit gain, a closer estimate of I is found by estimating the feed- 
back current I K . With this information, the significant transistor data can be 
found, to use in a matrix solution, to obtain values for R c , R K and R B . In 
this solution I c is treated as an unknown and ft F is used, rather than a value for 
I B and I c . This approach works well because transistor gain is a slowly varying 
function of emitter current as are SV CE and V BE when f) F is constant. Once the 
resistor values are known, exact values of I c and I B can be calculated and limits 
of SV CE and V BE found. Usually, the exact collector current is close to the esti- 
mated current and the values of the transistor characteristics used in the matrix 
solution are satisfactory. If a closer solution is desired, the process can be repeated 
using new values for the transistor characteristics. 

Finally, other worst-case limits can be calculated such as maximum collector 
voltage, V 1; maximum drive current, I B , and maximum off bias, V 0B . With these 
quantities known, operation can be checked for latch-up and the stored charges 
calculated so that a transient solution can be obtained. 

The following step-by-step procedure has been prepared for ease in design- 
ing flip-flop circuits. Two solutions using different tolerance resistors are devel- 
oped in detail to illustrate the tremendous importance of this factor. 
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TABLE 7-2-3 



Required Output Levels (Volts) 


Min. 

V„ 
V, -5.0 


Max. 

-0.3 


Load Current Requirements (mA) 
Min. 

At Output Level V 
At Output Level V, 


Max. 


3 


Available Power Supply Voltages 

Minimum + 5.94 —5.94 + 11.88 
Nominal +6 -6 +12 
Maximum + 6.06 —6.06 + 12.12 


-11.88 

-12 

-12.12 


Ambient Temperature Range 

-55 TO + 85°C 


Resistor Tolerances* 

Two Solutions 1) ±5% (±1% 

2) ± 20% (± 5% 

*See Inverter Section for a discussion of tolerances 


Initial), .-.N R = 1.105 
Initial), .-. N R = 1.5 
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SECTION 7-3 - THE ASTABLE MULTIVIBRATOR 

Although the simple astable multivibrator shown in Figure 7-3-1 has 
serious limitations as a pulse generator, it does find uses in applications where 
only one transition time need be fast and where the pulse duration can have 
wide tolerance. It is easily synchronized, however, which makes the total period 
very stable. Of most importance is the fact that a study of its operation and 
design illustrates the principles basic to any R-C timing Circuit. 

Consider the circuit of Figure 7-3-1 with the action stopped at a point 
in the cycle when Q 2 is being held on by current through R B2 and Q t is being 
held off by a reverse bias voltage from C 1 as indicated by time A on the wave- 
forms shown in Figure 7-3-2. Capacitors C x and C 2 will charge toward the 
voltage which they "see". For proper operation, C 2 must become fully charged 
before any change of state occurs. It charges through the parallel resistance of 
R cl and R L1 , which will be referred to as R' C1 . A voltage of V n — V BE2 is 
developed across C 2 . Capacitor Cj is also charging but it sees a voltage of 
Vbb — SV CE2 . When C x develops a slightly positive voltage (V TF ) on the base 
of Qi with respect to ground, Q, begins to conduct which lowers the output 
level. This voltage drop is coupled through C 2 to Q 2 and starts to turn it 
off. As a result, the collector voltage of Q 2 rises; this change is coupled through 
C x to the base of Q x aiding turn on of Q x . The process is regenerative and it 
proceeds rapidly until Q x is on and Q 2 off. From the waveforms, it is apparent 
that a pulse applied to a base in phase with the base timing voltage can cause 
early conduction and lock the multivibrator in synchronization with this ex- 
ternal signal. 

The regenerative transient is normally so rapid that the charges on the 
capacitors do not change during the transient. Thus, the voltage on C x is ap- 
proximately zero, but C 2 carries a voltage of V n — V BE2 which biases Q 2 
well into the cutoff region. Conditions are as when first examined, but the states 
of Q 1 and Q 2 have interchanged. 



+v cc 




+ v BB 



+V BB 



Figure 7-3-1 — Basic Astable Multivibrator 
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Inter-relations between component values become evident by closer exam- 
ination of the waveforms shown in Figure 7-3-2. Notice that the recharge time 
of C 2 severely slows the rise time of the waveform at the collector of Q,. The 
waveform can be made more rectangular by decreasing the R'ciC 2 time con- 
stant. Since R' cl is determined by the load, the only way to improve rise time 
is to decrease C. However C 2 and R B2 established the long timing waveform at 
the base of Q 2 . Therefore if C is reduced, R R2 must increase. Since the load is 
fixed, increasing R B2 would require Q 2 to have a higher current gain because 
R B2 establishes the on base current to Q 2 . Therefore, waveform improvement 
at one output comes only by increasing the current gain of the transistor which 
drives the other output. The more asymmetrical the timing requirement, the 
more difficult it is to obtain a fast transition time at the output which produces 
the short pulse. 



BASE VOLTAGE 
OF Q t 




COLLECTOR VOLTAGE 
of Q 2 

SV G E2 i 
°T 



Figure 7-3-2 — Astable Multivibrator Wave Forms 
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The simple astable circuit can maintain fixed timing only when the load 
(R L ) is fixed because the output levels V u and V 12 appear as levels upon the 
capacitors during the initial part of the timing interval. If variable loads must 
be handled, then either output amplifiers or clamp diodes must be used if timing 
is to be fixed. However, in practice timing is never really fixed because of com- 
ponent variations with temperature and ageing. 

7-3-1 — Circuit Analysis 

The choice of values for R c and V cc is based upon the same considerations 
as with an inverter or flip-flop; therefore, Figure 7-1-5 can be used to select 
a suitable V\/\cc rat '° anc ' ^c is determined by 

5c= Ycc-V^ (? _ 3 _ 1} 

h 

When a transistor is on, it must supply the current required by R c and 
the charging current to the timing capacitors. When the transistor just switches 
on, the timing capacitor has a voltage across it of V 1 — V BE which is of opposite 
polarity to V BB . The charging current flows through the collector of the on 
transistor. Maximum collector current would occur if the saturation voltages 
were zero; therefore, for simplicity they will be neglected. Thus, 

T C1 = -fc-+ ^ 12 + Vbb (7-3-2a) 

JSCI ^B2 

T C2 = J!L + V "+ V »° , ( 7-3-2b) 

JKfo Kri 



and 



When Qj is on, C x is recharging to V 12 and this current also drives Q x 
deep into saturation. However, for proper operation, C 1 must be fully charged 
before a change of state occurs. Thus, the C t charging current cannot be de- 
pended upon to hold Q 1 on. Therefore, the design equations for the base cur- 
rents are given simply by the dc conditions which are: 



(7-3-3a) 



T YbB — *BE1 

- B1 - w 

K B1 

and 

Ib2= yBB _- VBE2 . (7-3-3b) 

K B2 

The forced transistor gain has been defined as p F = Ic/Ib where /? F < fi 
(/3 is the transistor gain at the edge of saturation). Intuitively it should be clear 
that /? F should be as high as possible to minimize the ratio of recharge time to 
delay time. The equations just developed govern the dc conditions. 

The common case occurs when the circuit has identical output levels and 
uses identical transistors. Combining all the previous expressions in order to 
tie the dc conditions together: 

j __ ¥cc . I T7-3-4} 

Ic -^T 1 i + (v 2 /Ycc) (734) 

fa 
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and 

Rb = -^- ( Ycc _V BE j . (7-3-5) 

In deriving equation 7-3-4, V BE was neglected since it is a conservative 
simplification. Also V BB was taken equal to V co and Vcc was use d consistently 
since V cc and V cc cannot occur at the same time. The reason for doing this 
will be apparent when the timing equations are discussed. 

7-3-2 — Transient Circuit Analysis 

TIMING: Use will be made of the basic timing equation: 

T — RCln ., Vf ~ Vi , (7-3-6) 

where Vf ~ V ° < t > 

T is the interval of interest 

RC is the circuit time constant 

V F is the voltage which the capacitor is charging toward 

Vj is the initial capacitor voltage 

V c (T) is the capacitor voltage which corresponds to time T. 

Note that in the astable circuit the initial capacitor voltage is of opposite 
polarity to the final voltage and therefore V : has a negative sign. The effect of 
the base leakage current I BL must be included in the basic timing equation 
because it adds to the current through R B , thus making the capacitor charge 
faster. In effect, I BL makes the final voltage appear to be V BB -j- I BL R B . Capaci- 
tor C] determines the off time of Qi; this time will be called T x . Applying the 
notation indicated on Figures 7-3-1 and 7-3-2 to the general timing equation, write 

T, = RbA in [ CVbb + IbuRhi -SV ra3 ) + (V 12 - V BE1 ) 1 . (? . 3 . 7) 



"[■ 



CV BB + IbliRiu — SV CE2 ) — (V TF1 — SV CE2 ) 



This equation can be simplified and worst-case limits can be included. If 
the multivibrator is to be locked in synchronism with another signal, the worst- 
case is when the time is minimum since the trigger can be made to shorten 
a timing interval by causing a transistor to conduct early. (Using the trigger to 
lengthen a timing interval is not practical.) Therefore 

Ti = RbiCi In [ V ™ + WSbi + Y 12 - §V CE2 - V BE1 -I (7 _ 3g) 

L V BB -+" iBLl&Bl — YtFI J 

The expression for T 2 is identical except for a change in subscripts. Actually, 
if BB is the worst-case condition in the numerator and V BB is the worst-case 
condition in the denominator of the equation. However, since V BB and V BB 
cannot occur simultaneously, V BB represents the worst-case condition because 
the effect of V BB is more pronounced in the denominator. Likewise, R B1 repre- 
sents the worst-case condition for R B1 since its effect is greatest outside the 
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logarithm term. Note thatT BL1 , V BE1 and Y TF1 cannot occur at the same temper- 
ature. Whether the high or low temperature limit represents worst-case depends 
upon the magnitudes of the quantities. 

It is informative to put the timing equation in a slightly different form by 
dividing through by V BB -f- T BL1 R B1 : 

i _j_ Yi2 — sv CE2 — v BE1 



Ti = BbiQi ^ V bb + IbliRbi (7-3-9) 



j _ Xtfi 



» BB + IbLi£b1 

From this form, it is apparent that V BB should be fairly large in order to 
cause timing to be independent of V TF . When V BB is large, V TF is a voltage on the 
steeply rising portion of the exponential base voltage_waveform. Note also that 
V 12 should be large compared to changes in SV CE and V BE if their effect upon the 
timing is to be small. Also, I B i.R B:; should be small compared to V BB if its effect is 
to be small. However, the base current is approximately V BB /R B . In other words, 
the on base current should be many times I BL . 

Further, note that if \ 1 is derived from the V BB supply through a resistor, 
then changes in V BB will appear proportionally at Vj if the load is also a resistor, 
making the timing independent of the supply voltage. In this case, Y 12 and V BB 
cannot appear together and V 1L > should be multiplied by N P to represent a realistic 
worst-case. In addition, when V ro = V BB , a compensating effect upon the circuit 
gain (/J F ) occurs making /J F independent of the supply voltage since I c and I B 
would change proportionately with the supply. That is: I c «=; V cc /R c , I B *» 
V CC /R B ; therefore f$ F «=j R b /R if the saturation voltages are neglected. The 
worst-case condition is given approximately by /3 ¥ = R B /K r . 

When Vj is derived from a clamp diode, in order to make the time indepen- 
dent of Vj, the clamp supply V K must be closely regulated since Vj = V K -)- V D . 
If the diode is chosen to be of the same semiconductor material as the transistor, 
the voltages V D and V 1!E are approximately the same and normally they will have 
the same temperature coefficient which will increase the temperature stability of 
the timing. 

In the case of identical output voltages, loads, and transistors, values for all 
quantities in the equations for T x and T 2 are identical except for the value of the 
capacitors. Under these special conditions, 

£=7?. (7-3-10) 

T 2 C 2 

RECOVERY: During time T,, when Qj is off, C 2 must recharge to V 12 and 
similarly Cj must recharge to V n during T 2 . This condition puts a restriction 
upon the R' r C time constant. In general 

li^iR'cA (7-3-1 la) 

I 2 ^ ^R'cA (7-3-1 lb) 

where r? is a recovery factor. 

ry can approach 1 if a clamp circuit is used as discussed with the inverter. For 
a circuit not employing clamp diodes, 7) must be about 4 or greater if accurate 
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timing is to be performed (-q = 3.9 would result in 98% of the final voltage being 
placed on C). ^ and ^2 need not be the same — in fact they usually are not. As 
77 is increased the output waveform will have sharper corners. 

CHARGE CONSIDERATIONS: The minimum pulse width for a reliable satu- 
rated mode astable circuit can be found by establishing the criterion that the 
charge on the timing capacitor Q be at least ten times the charge stored in the 
transistor Q T . The following relations apply : 

F = Ic/Ib 

Q = V 1 C«TI B 

Qt < Qc/10 
Combining these equations, and solving for Q T , 

Q T «-Jf|- (7-3-12a) 

If storage is principally in the base as in an alloy device, the minimum pulse 
width can be related iot bs by assuming that Q T is composed of only excess charge 
Q x . The following relation can replace Q T in the above expression: 

Qt « Q x = I B T BS 
and thus : 

T BS < -^ (7-3-12b) 

The value of T BS usually decreases slightly as I B is increased; therefore 
increasing the on drive current would reduce the minimum timing pulse 
available with a given transistor, but this slight improvement would require 
either reduced -q or higher collector current. 

7-3-3 — Development of Synthesis Procedure 

DETERMINING /3p: Using relations for the case where no diodes are used 
and the load is resistive, some important concepts can be developed. For best 
timing stability choose V cc = V BB . Further, let V 12 = V n = V 1 and 
R m = R L2 = R L , a restriction which makes R cl = R C2 = R c - Also assume 
that V co is large compared to the transistor voltages and neglect I BL . The tim- 
ing equations can be combined to enable the best choice of R B1 , R B2 , C t , and C 2 
to be made under this set of conditions and approximations which are typical 
of most astable multivibrator applications. 

From equation 7-3-9, 

Ij = Bai& In (1 + - ^ ) (7-3-1 3a) 

J$L + K C 

I2 = Eb 2 C 2 In (1 + -^ ) (7-3-1 3b) 

Usually T 1 and T 2 must be kept within specified limits. A simple method 
for gaining timing stability is to adjust the capacitors in each circuit after con- 
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struction to meet nominal timing requirements. This greatly reduces the overall 
tolerance on T because trimming can compensate for initial component tol- 
erances. 

If the capacitors are trimmed to meet timing conditions, the resistors must 
be expected to be at worst-case conditions when choosing the timing capacitor 
and trimmer. When the resistor values of equation 7-3-13 are at their minimum, 
a capacitor is needed that can restore nominal timing. This is the largest ca- 
pacitor value needed by the design, and determines one limit on the value of 
the capacitor. In general, 

T 1 



C" = 



&b , |\ R 



'"f'+ra] (7 - 3 - 14) 



By similar reasoning the other limit on the capacitor value is: 

T 1 



C" = 



Recovery time needed to recharge Cj must also be kept within limits. 
If C" is at its maximum the design must still meet equations 7-3-1 1. 

Even though C" is all that is ever needed, changes with temperature and 
ageing could increase its value with a corresponding increase in recovery time. 
To allow for full recovery, this tolerance should be included. The limits for 
the capacitors are 

C' = (l+n c )C" = (l+n c )-J l -— (7-3-16) 



R 

and 

_T 

1^ r. . R 



'°[ i+ eTT!7] 

C = (1 _ nc) c" = (1 _n c ) = L^ -. (7-3-17) 



ln[l 



Rl + Rc 



Combine equation 7-3-1 la and 7-3-1 lb with 7-3-16, and substitute the 
nominal values and tolerance for the minimum and maximum resistance and 
capacitance values. The capacitors can be eliminated from the equations to find 



Ii^i,iN B N 02 ¥ 2 ^ 

Km 



Kbi 



ln(1+ lTT^ ) l (7 " 3 - 18a) 



El + Re J • 



ln(l + „ - 1 -- ) (7-3-1 8b) 



Also note that V CC /R B « I B and V co /R c « I c ; since I c /Iii = /3 F = 
R B /R C we can solve for the /3 F needed to give a specified duty cycle and re- 
covery factor in terms of the tolerances. Since /J F which is Ic/Ib ' s required, 
R B and R c must be used in the equations. This is easily done since 
R B = (1 + n RB ) R B and R c is (1 — n RC ) R c . Also, R' c = R C R L /(R C + R L ). 
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Making these substitutions and assuming the tolerance of all resistors is equal: 

t R 

£ F1 2:-^ N N 2 R T 1 R" (7-3-19) 

I* (R L + Rc)ln(l + EL ^ lr ) 

J8 F2 g: ^- Nc Vl N 2 R Z — RT ( 7 " 3 - 2 °) 

II R (R L + R c )l n( l + ^-M^-) 

Note that the required gain is directly proportional to the ratio of the long 
pulse to the short pulse. The minimum transistor gain p o must be larger 
than /3 F . 

The significance of equations 7-3-19 and 7-3-20 lies in the fact that in 
order to sharpen the rise of the waveform at Q 2 (rj 2 larger), the gain of Q, 
must increase. If T x >T 2 (resulting in unequal capacitor values), even higher 
gain is required to produce a fast rise time. 

The resistor tolerances can add a considerable factor to the maximum 
p F necessary. The terms involving R C /R L asymptotes to unity when R c » R L and 
asymptotes to 1.44 when R r » R r . For a conservative J8 F1 , equations 7-3-19 
and 7-3-20 can be written as 

J8 F1 ^ 1-44 -It- t, 2 N c N 2 r (7-3-21) 

1 2 

/8 F2 ^ 1 -44 -J- ,„N C N| (7-3-22) 

In order to find /? F to meet nominal timing requirements, T t and T 2 in 
the previous equations must be expressed in terms of nominal values. The timing 
equation 7-3-1 3will be examined a little closer to determine what timing tol- 
erance can be expected from the circuit. If trimmers are used, the capacitor 
tolerances affecting timing are due to temperature and ageing only. T and T are : 

T = R B C 1 n [ 1 + % ^rJ (7-3-23) 

T = BBgin [ 1+ &+Kr} (7 - 3 " 24) 

The tolerance of T £an be found by dividing T and T and remembering 
that R B /R B = N RB , and C/C = N c . If N RL = N RC = N RB = N R , then, 

| = N B N ln | 1+1 + R ^ LN 'l- (7 - 3 "^ 



lnf 1+ I ) 

\ ^ i+n k r c /rJ 



Examination of the In term reveals an asymptote to N R when R c is large 
and an asymptote to unity when R L is large. Conservatively written, equation 
7-3-25 simplifies to 
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~ = N c N R = N x . (7-3-26) 

To obtain the nominal value write 

T = T(1 — n x ). 
Previously the term N was defined as N = (n -\- l)/(n — 1). Solving for n in 
terms of N it is found that 

N —1 

n= N + r- 

Therefore » 



which simplifies to 



/ JN C N B -1 ^ 

T = T 1- J 

V N r N R + 1 / 

T = f [ 3 |. 

\ N n N„ + 1 / 



(7-3-27) 

cN B + 1 ' 



Substituting 7-3-27 into 7-3-21 and 7-3-22 

£fi ^ -JS 2 N T (7-3-28a) 

ftra ^ ^-^iN T (7-3-28b) 

3 2 

where N T = 0.72 (N R N -f 1) (N E N c ). 

This result simply says that the maximum required circuit gain is pro- 
portional to the ratio of the long pulse to the short pulse, the recovery factor 
and a factor due to tolerance. 

The tolerance factor N T , is plotted on Figure 7-3-3. It varies from 1.44 
for zero tolerance to 10.5 for the case where n E is 20% and n c is 10%. Toler- 
ance is obviously an important factor. The tolerance factor given in equation 
7-3-28 is conservative. If the factor includes the effect of ageing then assurance 
is given that the trimmer capacitor can always set the timing to the proper 
value. Normally, the tolerance N c would only include temperature effects, on 
the assumption that timing would be reset to the proper value due to drift with 
age. However, if the timing were to be set only once and allowed to drift with 
age, then N should also include ageing effects. 

In order to design circuits, it is necessary to have a relationship between 
t r and T. From equation 7-3- 1 1 , assuming the timing is adjusted to nominal 

Tj = 31 R' 01 C 2 (7-3-29a) 

T 2 = r, 2 R' C2 C x (7-3-29b) 

where ^ and tj 2 represent the lowest values for -q which could occur. The rise 
time is~always~2.2 R' C C. Therefore, 
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Figure 7-3-3 — Astable Multivibrator Tolerance Multiplier 



1t2/ A 2 :z= 



2.2 
2.2 

V2 



(7-3-30a) 



(7-3-30b) 



Equations 7-3-28, 7-3-29 and 7-3-30 can be used to select a suitable 
transistor and make a preliminary design. Several examples are given to illus- 
trate the use of the equations. 

Example 1. 

Given: T, = T 2 . Required: p F1 , /3 F2 

Only output desired is a differentiated spike, therefore 77 may be as 

low as 4. 

All resistor tolerances = 5%. .'.N T = 2.5 from Figure 7-3-3 

Capacitor tolerance = 5%. 
Solution : 

Since T x — T 2 , /3 F i = /3f2 = /3f> -qi = ^2 — ij. 
Using equation 7-3-28 

/? F = -£- ^N T = (1) (4) (2.5) = 10. 

•-2 

Any transistor could fulfill this requirement. 
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Example 2. 

Given : Tj =9 T 2 . Required: Find g 

Pulse to be used for gating, therefore, a fiat top is desired and t r may not 

exceed 20% of T 2 . 

Assume n c = 5% and n R — 10% . 

From Figure 7-3-3, N T = 3.5. 



— *> T 

Using equation 7-3-28a, /3 m = -sr-^Nr,.. 

T2 

2 2 T 
From equation 7-30, V2 = — — = (2.2) (5) = 11. 

- t,.2 

Solution: 

£ = J8 F1 = (9) (11) (3.5) = 346 

No commercially available transistors have a /3 greater than 110, so either 
a Darlington connection of two transistors must be used or rj must be compro- 
mised. Assume a transistor with a /?„ > 100 is available and the tolerance can 
be tightened to n R = 5% and n c = 1% which makes N T = 2.2. By solving 
for 77 from equation 7-3-28 

V2 = 5.05; V1 = 410. 

Thus, the side producing the short pulse (side 2) has a vastly poorer wave- 
shape as can be seen by using equation 7-3-30. 

2.2 2.2 
t rl /T 1= _ = — =0.00538 

2.2 2.2 

t r2 /T 2 = -- =w = 0.435 

The rise time of the long pulse is about 0.5% of its period but the rise 
time of the short pulse is almost half its period, under worst-case conditions. 

SELECTING CAPACITORS: Once the circuit has been built, the fixed capaci- 
tor-trimmer combination is adjusted to set the timing to the desired nominal 
value. When all circuit values (except the capacitor) are such that minimum 
timing will occur, the fixed capacitor-trimmer combination must be increased 
to a value such that the timing will still be at the nominal value. Equation 
7-3-14 indicates the maximum capacitor value necessary. Similarily equation 
7-3-15 is an expression for the minimum capacitance. The fixed capacitor- 
trimmer combination must be adjustable over this range. 

While a good deal of choice is available, there is an absolute maximum 
value allowed for the fixed capacitor. Assume that the minimum capacitance 
as determined by equation 7-3-15 is required in a particular circuit. If the 
fixed capacitor is chosen too large, the combination of trimmer and fixed 
capacitor may be too large even with the trimmer reduced to its minimum 
value. Thus, the maximum value for the fixed capacitor (including end of life 
tolerance and temperature) must be less than C" minus the minimum trim- 
mer capacitance or : 

C ^ C" — C TR (7-3-3 la) 
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At the other extreme, assume a maximum capacitance C" were needed 
for timing. The fixed capacitor must not be chosen too low such that even with 
the trimmer at its maximum the combination of trimmer and fixed capacitor 
could not reach C", or: 

Ctr + Ci^C" (7-3-3 lb) 

The range of trimmer capacitors varies with the value and the manu- 
facturer. The minimum trimmer capacitance is usually not a mathematical 
function of the maximum value so that the trimmer capacitance may not be 
treated as a variable in equations 7-3-3 la and 7-3-3 lb. It is necessary to use a 
cut and try approach to pick a suitable value for the fixed capacitor and trimmer. 

First, let C TR = in equation 7-3-3 la. Then choose a standard capacitor 
less than C". For the standard capacitor chosen, determine its minimum value. 
Use this in equation 7-3-3 lb and solve for a C TE . Next_choose a convenient 
trimmer with a maximum capacitance greater than the C TR just determined. 
Now, the minimum trimmer capacitance can be found and used in equation 
7-3-3 la to determine a new value for C. If the standard value previously selected 
is too large according to the new calculation, a lower capacitor value must be 
selected and the process repeated. 

OTHER CONSIDERATIONS: For the astable multivibrator, y (as denned in 
Section 7-1) can be written as _ 

__ Icoo Vcc 
y ~ Ti ~R c ii 
Therefore equation 7-3-4 can be written as 

L = v Ii -• (7-3-32) 

° 7 ! _ 1 + Vi/Ycc 

In order to select a transistor with adequate breakdown voltage and low 
enough Q T , it is necessary to estimate values for I B and V^ Both I B and V x 
can be determined by tolerance factors. Rewriting equation 7-3-3 and neglect- 
ing V BB : 

I B = N P N R I B . (7-3-33) 

When Vi is derived from V oc by means of a resistor divider, \ x is given by : 

V *= R V 1 R P (7 " 3 - 34) 

Maximum V 1 occurs when R L and V cc are maximum and R is a minimum. 
Minimum V! occurs when R L and V cc are minimum and R c is a maximum. 
Including these factors in equation 7-3-34 write Vj/Vi as: 

Vi XT XT Rl + R c 

yT =NpNe ^+1c- (7 " 3 - 35) 

The ratio of resistors was previously shown to approach N R as R gets large. 
Thus, conservatively written: 

■^-= N P N R (7-3-36) 
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The following astable multivibrator design example illustrates the prin- 
ciples discussed. 



TABLE 7-3-1 - REQUIREMENTS OF ASTABLE MULTIVIBRATOR 



Output Voltage Levels 



Max Min 

Vi — 4.5V 

V 0.5V 
(Loads are connected to both outputs) 



Output Impedance 



R L = 100 n 
R L = 105 a 
R L = 95 n 



Output Pulse Width 



Tj — 1 .0 jS | After capacitor 
T 2 = 4.0 |nS | adjustment 

t,. — 0.55 /xS 



Temperature Range 



to + 60°C 



Available Power Supplies 



V 00 = 24V ) 

V co = 24.2V \ & * 1Q2 

V co = 23.8V ) 



Additional Information 



±5% end of life tolerance resistors (1% initial tolerance) are used. 

±5% initial tolerance capacitors are used (assume trimmers are used 

to adjust frequency) and tolerance due to temperature and ageing is 

± 5%. 
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CIRCUIT VARIATIONS 

The recovery time can be considerably shortened by employing a clamp 
diode at the output and choosing the load resistor so that the voltage seen is at 
least 1.5 Vi. In this waythe capacitor will recharge in less than 4 time constants. 
However, with a clamp, the capacitor current remains high until the capacitor is 
charged and it must flow through the base which increases the stored charge of 
the transistor. It takes approximately a time of 3t x for this stored charge to decay 
which causes a serious limitation at high speeds. This problem is discussed more 
fully in the monostable multivibrator section. The clamp also results in additional 
collector current and an additional delay when a transistor is turning on, as re- 
generation cannot occur until all the current has been switched from the diode to 
the transistor. 

A serious disadvantage of the simple circuit is that the output voltage cannot 
exceed the emitter-base rating of the transistors. With diffused base transistors 
this rating is low and often additional modifications are needed to utilize this 
transistor type in a high speed astable multivibrator. 

The circuit can be modified as shown in Figure 7-3-4 to permit V\ to exceed 
the emitter-base rating. Disconnect-diodes D D1 and D D2 also cause a significant 
improvement in the output waveform by letting the capacitors recharge through 
R K . The junction of R K and C becomes disconnected from the load when a tran- 
sistor is turned off. Resistors R K and R D form a voltage divider which prevents 
the full capacitor voltage from being applied to the transistor. Clamp diodes are 
not required, however, their use permits variable loads to be handled at the 
expense of the penalties previously discussed. 



K 

9 9 



Mv cc ( + )v k 




R P2 °D2 



-AAA, H 

c, 



R K2i R B2« 



(+)V^ 



Figure 7-3-4 — "Fast Rise" Astable Circuit 
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The most satisfactory way of handling variable loads is to use output ampli- 
fiers. Used with the simple circuit of Figure 7-3-1 these amplifiers should be 
designed to switch fully on when the collector signal from the basic astable mul- 
tivibrator has risen to less than one-half of its final value. In this way, consider- 
able rise time improvement is obtained. A properly chosen speed-up capacitor 
can insure this condition, but it must be included in calculations for the recharge 
time of the timing capacitors. 

Use of output amplifiers with the circuit of Figure 7-3-4 will provide even 
greater flexibility and better performance. The clamp diodes are unnecessary, of 
course, since the output amplifier is a fixed load. The disconnect-diodes will per- 
mit faster rise times and the speed-up capacitors of the output amplifiers will not 
slow the recharge time of the timing capacitors. A circuit utilizing these ideas is 
shown in Figure 7-3-5. 



(-)v, 




Figure 7-3-5 — Astable Circuit with Output Amplifiers 
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MOTOROLA STAR* TRANSISTOR 

(INSIDE CONSTRUCTION) 



: Trademark of Motorola Inc. 
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Section 7-4 — The Monostable Multivibrator 

The monostable multivibrator, often called a one shot or delay flop, has one 
stable and one quasi-stable state. It must be triggered into the quasi-stable state, 
where after a given relaxation time it returns to the stable state. The pulse output, 
which is of a width equal to the relaxation time, is used in timing circuits when 
fairly long durations of moderate precision are required. 

A standard monostable multivibrator is shown in Figure 7-4-1. Current 
through resistor R D holds Q 2 normally on. C D is charged to V s through the out- 
put circuit of Q v When the circuit is triggered by turning Q t on, C D discharges 
through Q t and Q 2 until Q 2 turns off. Q 2 is then reverse biased by a voltage of 
approximately V s stored on C D . Now, C D starts to charge to V rc through 
R D . When the voltage at the base of Q 2 is such that it is slightly forward biased, 
collector current will start to flow. The resulting drop in v CE2 is coupled to 
Qi by C K which causes Qj to turn off. When both transistors enter the active 
region, regeneration occurs which greatly speeds up the transition times. 

Before the next trigger pulse arrives, the capacitor must become charged 
to V s . V g must be limited to a value less than the BV EB0 rating of Q 2 . Use of 
the clamp circuit, shown dotted, can be used to speed recovery time as well as 
limiting V s . Resistor R s , also shown dotted, is used only when the clamp is not 
used and when V cc is larger than BV EB0 . Since V s must be limited to a value 
less than BV EB0 of Q 2 , the output of Q, often cannot be used as an output 
because the level is too low. 



(+)V K < + ' V CC 



(+)v„ 




R„ = R„R„ 
T p s (UNCLAMPED) 

R P + R S 



Figure 7-4-1 — Basic Monostable Circuit 
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MONOSTABLE MONOSTABLE 
WAVEFORMS 

I I ' 



TRIGGER 
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! B 
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l C 

«1 

COLLECTOR. 

EMITTER 
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«2 
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^ © 
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EMITTER 
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Figure 7-4-2 — Waveforms of the Monostable Multivibrator 

Detailed waveforms are shown in Figure7-4-2 for a circuit using the clamp 
diode. Events are numbered in the order of occurrence. 

Events 1 thru 8 occur during the storage time interval of Q 2 . 

1. The trigger is applied to the base of Q v This causes 

2. the base voltage of Q 1 to change from its off bias value to a high forward 
value resulting in 

3. considerable base current causing 
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4. the collector current to increase. It increases considerably above its 
quasi-stable state value due to the 

5. reverse base current of Q 2 caused by the excess charge. The trigger 
signal must provide the base current to Q x to sustain its collector cur- 
rent. At the end of the storage time interval of Q 2 notice that: 

6. the base of Q 2 is reverse biased because of the heavy reverse base 
current (isaa) which is flowing, 

7. the collector voltage and current of Q 2 have not changed and 

8. the collector voltage of Q x has not fully reached the SV CE value. 
Now that Q 2 is in the active region, the high i BR2 causes its 

9. collector current to quickly fall permitting the output voltage to rise 
and 

10. the base voltage to assume the level of V s — V BE2 . The rounding of 
the Q 2 waveforms results from the fall off of trigger signal and the 
presence of C K which contributes little to regenerative action at this 
time. All waveforms are affected, this period is indicated on the wave- 
forms as time interval T A . At the end of interval T A , Q 2 is completely 
cut off and the onset of the quasi-stable state occurs. Q 1 then assumes 
quasi-stable state conditions. 

1 1 . When the voltage at the base of Q 2 has reached V TK at time T D , it ini- 
tiates the termination of the output pulse by causing 

12. base current to flow in Q 2 which in turn causes 

13. collector current to flow in Q 2 thereby, 

14. dropping the collector voltage of Q 2 . The turn-on of Q 2 results in 

15. a lowering and then a reversal of the base current of Q x . If the storage 
time of Qj is rather long, then the output will reach ground before 
regeneration has much effect and further action in the circuit will have 
negligible effect upon the output pulse. In the case shown, the output 
has dropped about 1/3 when regeneration occurs causing the transition 
times to speed up. During time T„, regeneration brings the collector 
current of Q 2 to the steady state value and cuts off Q t . 

As the collector current of Q l falls, it recharges the capacitor C D very 
quickly by a small amount which accounts for 

16. the small step on the collector waveform. When i c] reaches zero, then, 

17. the recharge of C D is determined by R T . As indicated by 

18. the recharge current through the base of Q 2 in a direction to cause 
heavy forward bias resulting in the 

19. steps on the waveforms as the capacitor becomes fully charged per- 
mitting the base current to decay. 

Stable state conditions are now attained and the circuit is ready to receive 
another trigger. Improvements in switching times can be obtained if the storage 
time of Q 1 is very short so that the turn-off of Q 1 and the recharge current of C D 
can be used to assist Q 2 in turning on. The circuit is not ready to receive a trigger 
until i B has decayed from the value used to charge C D . The time for a 90% 
decay is 2.3t x , where t x is the lifetime of the excess carriers. This additional time 
is not present in circuits which do not use a clamp circuit at the output of Q, as 
the base current would exponentally approach its final value. 
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7-4-1 —Analysis 

The output circuit of Q 2 and the input circuit of Qj are exactly the same 
as in the flip-flop circuit. Using the terminology of Figure 7-4-3a and b the 
equations for the monostable multivibrator are: 



t _ Yco - Yi T Y, 

x l = 1 Cl,2 "S - 

R r Sk 



>bi — SV CE2 Ybb YoBl 

Yx-Vbb! V BB + V BE1 



R 



K 



Sb 



+ Ib 



h 







(7-4-1) 
(7-4-2) 
(7-4-3) 



where the subscripts 1 and 2 refer to characteristics of Q 1 and Q 2 respectively. 
Using the terminology of Figure 7-4-3, the astable timing relations can 
be adapted to the monostable multivibrator. For minimum delay: 



T D = R D C D ln 



VcC -\- IbL2Rd -j- Ys — SV 0E1 — V B E2 

* cc — Ytf2 -\- IblsEd 



(7-4-4a) 



(+) 9 V , 



(OFF) 




Figure 7-4-3a — Conditions During Stable State 




Figure 7-4-3b — Conditions During the Quasi-stable State 
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Note that I BL2 and SV CE1 and V TF2 occur at the high temperature limit 
while V BE2 occurs at the low temperature limit. The worst-case temperature, 
therefore, depends upon the values of these characteristics. 

Since the In term will appear in many calculations, its terms will be de- 
fined as x. Thus, 

lD = RDC D lnx. (7-4-4b) 

Conditions must be at the stable state before another trigger signal is ap- 
plied or the delay time will be shortened. Thus, the maximum recovery time 
(T R ) is determined by: 

T H = i--T D (7-4-5) 

_ fi 

where f t = maximum repetition frequency of input trigger 

T D = maximum pulse duration 

Actually, while Q 2 enters the active region when its base voltage reaches 
V TF , recovery cannot commence until Qj has been turned off. This time lag is 
difficult to determine mathematically but experience shows that it can be ap- 
proximated by the time it would take for the base voltage of Q 2 to go from V TF 
to V BE due to the timing network alone. Therefore, the equation for maximum 
delay time is obtained by inserting V BE2 for V TF2 in equation 7-4-4a and deter- 
mining the proper worst-case limits for the other terms. This yields 

T D = R D C D In ¥cc + Vs-SV CE1 -V B E2 (746a) 

YcC — VjjE2 

This In term will also appear in many calculations; its terms will be defined 
as x. Therefore: 

f D = R D C D lnx. (7-4-6b) 

The maximum recovery time equation is: 

T R = v R T C D . (7-4-7) 

where 77 must be chosen to allow complete recovery. In the circuit without the 
clamp rj must be at least 4. 

When designing a circuit, R T must be determined by the recovery time 
which in turn determines I C1 and hence I B1 . In essence, R T is fixed by_the dc 
conditions in the quasi-stable state. Thus, the actual value allowed for C D must 
be determined by the trigger repetition frequency and T D as seen by combining 
equations 7-4-5 and 7-4-7. Therefore, 

1 _ 

- T _Td 
c D = fl 



>7 R T 

Substituting T D as given by equation 7-4-6b and solving for C D , it is found 

^= ,R T +t D lnx (7 - 4 ' 8) 
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Besides the dc current flowing through Q 1 , a transient current, as a result 
of C D charging toward V cc , also flows. Thus, the equation for I C1 is identical in 
form to that of the astable 

r ci = ^-+ Vco + Vs (7-4-9a) 

The proper value of R T can be found by substituting I B i/3 F i for T cl and 
solving for R T 

R T = — ^= — . (7-4-9b) 

/3fiIbi - Vcc + Vs 

The final equation required is that for R D . This resistor, as discussed with 
the astable circuit, should be as high as possible and is given by 

R D = 0*1 (V cc - V BE2 ) . (7-4- 1 Oa) 

*C2 



By substituting I C2 = co , R D assumes the form: 

Rre> 



Rd = i8F 2 R C 2 ( ~ rC v C0 VH ' :2 ) • (7-4-10b) 



(Since V cc and V cc can not occur together, V cc is used because it pro- 
duces worst case conditions. ) 



7-4-2 — Synthesis Equations 

In order to find transistor data it is necessary to first obtain estimates of I cl 
and I C2 based upon the load current required and the timing equations. I C2 can 
be estimated from the load and cross-coupling conditions as discussed in the 
flip-flop section. I C1 can be put in terms of I C2 by a process involving the timing 
equations. 

Combining equations 7-4-7 and 7-4-6b 
- T R R D In x 

JVrp zz: — 

Using the tolerance factors N Rg and N RD for the resistors and substituting the 
above expression into equation 7-4-9a write 

T i7VbT d Nh 8 j_ Vcp + Vg XT 

k!i — - - , - i = N ED 

T E R D In x R D 

Substituting equation 7-4-10b for R D in the above expression, and simpli- 
fying, it is found that 

Ic! = 4^^(41^ + N ED ) + N RD 1. (7-4-11) 

/?F2 LV C0 \ T R lnx J J 
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Normally N RD is small compared to the other terms. For a given delay to 
recovery ratio, it is seen that I C1 is inversely proportional to /? F2 , which means 
that the current gain of Q 2 should be high to keep I C1 down. Also, I C1 is propor- 
tional to rj, therefore, using a clamp circuit will also help reduce I c as -q could 
be less than 4. A high ratio of V cc to V s also assists in keeping I CI low. 

Equation 7-4-1 1 may be written as 

I C1 = ] -f± (7-4-12a) 

where A = -^- ( fo"", 8 + N ED ) + N RD . (7-4-12b) 

V cc \ T R lnx / 

The A term contains only known quantities, or quantities which can easily be 
estimated. 

As in the flip-flop analysis, 

T C2 = y di +T K ) + T (7-4-13) 

and the current I K can be estimated as 2 Ici//?fi- 

Combining this estimate of I K with equations 7-4-12a and 7-14-13 

PF2 /?F1 

which simplifies to 

1 _ _ 2 ^ . (7-4-14) 

$¥1 0T2 

Equations 7-4-1 2a and 7-4-14 can be used to obtain estimates for I C1 and 
I C2 so that transistor characteristics can be determined. These transistor charac- 
teristics are then used to calculate component values. 

Also, since I B1 = -=?L , equation 7-4-12a can be used in equation7-4-3 by 

/?F1 

substituting I C2 = co -\- T . This yields, 
Ec2 

Yi-v BE1 v BB + v BE1 av co __ aT (7 . 4 . 15) 



Rk 5b /3fiEc2;8f2 Pf]^F2 

7-4-3 — Use of a Clamp Circuit 

There are some definite advantages in using a clamp circuit at the collector 
of Q x instead of a resistive network even though the output of Qj will not be 
used. 

When using a divider _or separate source, the maximum recovery time is 
given by equation 7-4-7 i.e., T R = r;R T C„. 

Using a clamp, the maximum recovery time can be_ written from the general 
timing equation, where V F is V cr , V T is KV S , and R T is R,.. 
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T R = R P C D ln KV S 



Here,V g indicates the clamping level and K indicates the fraction of V s of 
interest. If I is to be equal in both the clamped and undamped case, under 

V, V rr 
worst condition for recovery, then, - = -^- = ^ ; and 



Tt> — — — — Rrr<Cr> In 

v s 1 



combining 7-14-16 with 7-4-7 find 



(7-4-16) 



KV S 



Ycc 






Ycc 



In 



1- KV S 



(7-4-17) 



Equation 7-4-17 is plotted as Figure 7-4-4. K was taken at 0.98, therefore, 
Figure 7-4-4 can be used to design for the total recovery time required in mono- 
stable circuits. The significance of clipping off the slowly rising part of the 
waveform is quite evident. Thus, use of the clamp circuit can speed the recov- 
ery by a factor of 3 to 4 over that of a resistive network with no increase in 
collector current, depending upon the V cc /V s ratio used. 
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This method also permits the diode to provide temperature compensation 
for the V BE of the transistor. That is, using the clamp circuit the general timing 
equation becomes 



- R n ,_ Vcc + Ibl 2 Rd + Vk + Vp - SV C 



Vcc — V TF2 -)- Ibl2Rd 

The changes in V D and V BE2 with temperature will be nearly equal leaving 
the difference between them nearly constant. 

Whether the clamp circuit will provide improved performance is dependent 
upon the lifetime of the excess carriers in Q 2 . As indicated in the discussion of 
the waveforms, the current used to charge C D takes a time of approximately 
2.3 T x to decay after C D has been charged. The actual time for this current to 
decay depends somewhat upon C D . The voltage on C D changes as V BE drops from 
this high forward potential to V BE of the stable state. If this time forms a signi- 
ficant portion of the recovery period, it will be found that the undamped circuit 
will have to be used in order to keep the recovery time within specifications. 

Timing equations can now be written for both the case of the clamped and 
the undamped circuit. 

Case 1 — Clamped 

f D =R D C D lni c (7-4-18) 

where 

Ycc + V K + V D - SV CE1 - V BE2 



(7-4-19) 



Case 2 - 

(7-4-20) 



A c = 


Ycc - V BE2 






Id = 


RdCd InXc 








where 












Vcc + Ibl2Ed + Yk 


+ Yd- 


sv CE1 — 


V B E2 


X c — 












Vcc — YtF2 + IbL2Ed 




— Undamped 








T D = 


Rd^d l n x u 








where 













Ycc + V s -SV CE1 - 


— V BE2 






x u = 


YcC — V BE2 








Td = 


EdCd l n x u 








where 










v* 


Vcc + Ibl2&d + Ys 


— sv CE] 


— v BE2 





(7-4-21) 



Vcc — Y TF2 -\- I BL 2Rd 
The ratio of maximum to minimum delay time is 

^ = N KD N 0D -^ (7-4-22) 

J.D In x. 

where the appropriate x term should be used. Notice that the temperature 
which gives a worst-case limit to the x terms is dependent upon the magnitudes 
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of the many transistor terms and may occur at either the high or low limit. 

If V g is derived by divider action from V cc , V s can be put in terms of 
R P and R g . 



For this case, R T is 



Rt 



Rs + Rp 



IVglXp 

Rs +Rp 



(7-4-23) 



(7-4-24) 



An examination of the R s , R P divider network shows that, if the tolerance of R g 
equals that of R P , V s has the tolerance 



-is 



= N cc N R 2 



(7-4-25) 



TABLE 7-4-1 



REQUIRED TIMING 


T D = 450 nS f"i = 1 mc 


REQUIRED OUTPUT LEVELS (volts) 




MIN 


MAX 


V 


— 


0.5 


Vi 


6 


— 


LOAD CURRENT REQUIREMENTS (mA) 




MIN 


MAX 


Io 








Ii 


— 


9 


AVAILABLE POWER SUPPLY VOLTAGE 


MINIMUM 


+ 23.8 


—5.93 


NOMINAL 


+ 24 


—6 


MAXIMUM 


+ 24.2 


—6.06 


POWER SUPPLY TOLERANCE ± 1 % (N P = 1.02) 




AMBIENT TEMPERATURE RANGE — 55°C to -f 1 00°C 


RESISTOR TOLERANCE* ±5% (±1% initial) (N R = 1 


105) 


CAPACITOR 


TOLERANCE ± 10% (± 5% initial) (N c 


= 1.22) 



*Refer to inverter section for a discussion of tolerances. 
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CHAPTER 8 
Current Mode Circuits 

High-speed operation, excellent dc stability, good noise immunity, and 
circuit performance that is independent of many transistor characteristics are 
among the advantages offered by current-mode switches. 

Current-mode operation is unsurpassed when used in any high speed circuit 
where regeneration is important, such as in monostable or astable multivibrators. 
Logic circuits present some difficulties because level transformation is required 
between stages. However, exceptional performance has been obtained. 

Current Mode Switching has not enjoyed the wide popularity of saturated 
mode operation. The primary reason for this is that the major use of transistors 
is in the digital computer field and the speeds encountered could be handled 
easily by the conventional diode logic used with saturated mode circuits. How- 
ever, with the emphasis of today's computer upon speed and miniaturization, 
coupled with the amenability of current mode circuits to adapt to integrated 
circuit techniques, 1 new interest is being generated in current mode logic circuits. 

The idea of using current mode switching in computer logic was first pro- 
posed by Yourke 2 . At that time, the only transistors with a fairly high „> T were of 
the "drift" type. These devices were designed for R.F. amplifier applications and 
had poor saturation and storage time characteristics. Furthermore, because they 
were designed to yield A.G.C. action by varying the collector voltage, w T de- 
creased rapidly with decreasing voltage. This required the use of a high collector 
voltage, which resulted in high dissipation, in order to have a fast switching 
circuit. 

A computer 3 was built using this approach, but it was not particularly suc- 
cessful. A primary reason for its abandonment was the fact that the transistor and 
circuit dissipation were too high. Today, the availability of mesa transistors which 
maintain a high <o T at low collector voltages makes another look at current mode 
logic worthwhile. 4, B ' 6,7 

As with the saturated mode circuits, the basic amplifier or inverter will be 
discussed in detail, because it is the heart of any circuit. Then, the flip-flop 
and pulse generating circuits are discussed. A worst-case design procedure is 
given for an inverter. 

Since Motorola 2N2256 through 2N2259 transistors are low cost units 
specified for current mode operation, they are used in the design examples. How- 
ever, other type numbers can be used. Very fast switching can be obtained by 
using mesa R.F. transistors which have low r' B and high co T at low collector 
voltages. 
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SECTION 8-1 - FUNDAMENTALS OF CURRENT MODE CIRCUITS 
8-1-1 — DC Analysis of the Current Mode Inverter 

A qualitative description of the operation of the current mode inverter was 
given in Chapter 2. Four significant worst-case conditions affecting circuit de- 
sign are shown in Figure 8-1-1. In part a, the minimum input level to just turn 
off Q x and allow Q 2 to be on is shown. From the figure this condition is 

E = V BK -V T (8-1-la) 

V T is defined as a forward base-emitter voltage at the threshold of conduc- 
tion where I is a negligible value. V T is slightly less than the forward threshold 
voltage V TP as defined and used in Chapters 5 and 7. 

Observe also the case where Qj is on and Q 2 is off shown in part c. The 
condition for this case is _ 

Ej = V BE — V T . (8-1-lb) 

The polarity of E is opposite to that of Ej, as indicated by the sign conven- 
tion on the figure. Establishment of both dc states depends upon a minimum 
signal level which varies (-)-) and ( — ) about the reference level (ground in the 
circuit shown) by an amount sufficient to overcome the base-emitter voltage of 
the conducting transistor. 

The respective on emitter currents of Q 1 and Q 2 are: 

T V EE — V BE + E l 

*ei — 5 (S-l-1) 

K E 

and 

Ie2= Vee ~ VbE (8-1-3) 

K E 

The voltages used in equations 8-1-2 and 8-1-3 represent absolute magni- 
tudes only and the expressions are valid for either PNP or NPN transistors. 

To keep I E1 and I E2 essentially equal and reduce the effect of the level of 
E t upon the magnitude of I E1 , it can be seen that V EE must be made substantially 
larger than changes in Ej. Thus, the common emitter supply approaches a con- 
stant current source. 

It should be noted that V T is normally a slight forward voltage in current 
mode circuits. Since the on collector current is large, a few hundred pA of leakage 
in the off condition is not detrimental to circuit performance. Measurements in- 
dicate that the term (V BE — y T ) is approximately 0.4 volt regardless of the 
transistor type used. The term is approximately constant with temperature also, 
since the temperature coefficient does not differ much between the normal col- 
lector on current and the current which flows with V T applied. 

It should also be evident that, relatively speaking, the driving source im- 
pedance should be low and the transistor current gain high. Otherwise, the base 
current which flows will reduce the voltage at the base below that of the source, 
thereby, altering the emitter current. The collector on current is «I E , which re- 
duces the output level from V co , when the transistor is off, to V cc — aJ E R E 
when a transistor is on. For any reasonable f$, a is close to unity, therefore.current 
gain has only a minor effect upon circuit operation when the source impedance 
is low. 
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Figure 8-1-1 — Significant Worst Case Conditions 

(a) Q, Just Cut-Off 

(b) Maximum Vob On Ch 

(c) Maximum Vob On Qi 

(d) Q 2 Just Cut Off 
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To avoid saturation, it is necessary to observe the inequality 

V CB1 > Ei (8-1-4) 

This worst-case condition is indicated on part b of Figure 8-1-1. Actually, 
since collector capacitance is inversely proportional to some power of the voltage, 
switching speed is enhanced if V CB is greater than zero by a volt or two; curves of 
f T and C Tc versus voltage will provide guidance in making a choice for V 0B . 

The output voltage e n , obtained from the collector of Q 2 , is in phase with 
the input signal, while e'„, the output voltage of Q l5 is 180° out of phase or, in 
logic language, the complement of e . In cases where only e' is required, Q 2 can 
be replaced by a diode. The ready availability of complementary signals, how- 
ever, often simplifies logic problems. 

When ac coupling cannot be employed, problems arise because the output 
is at a different dc reference level than the input making direct coupling of cir- 
cuits in the form of Figure 8-1-1 impractical. By using current sources in the 
output, however, alternate PNP and NPN gates can easily be coupled. Another 
coupling method uses zener diodes to establish the proper dc levels which permits 
the use of transistors of the same polarity. These techniques will be discussed 
later. 

8-1-2 — Advantages of Current Mode Circuits 

HIGH DC STABILITY: It is easy to show 8 that, under the worst-case condition, 
i.e., where h FE — » oo, the current stability factor, for changes in I BL of an on 
transistor is, 

__ 0I E R B 

1 Mbi. Re 

where 

R E is the total dc resistance in the emitter circuit, and 

R B is the total dc resistance in the base circuit. 

In the current mode switch, R E is several times R B with the result that 
emitter current change due to I BL is negligible. Furthermore in low level tran- 
sistors, I BL is so low that dc stability need not be considered in the design. 

HIGH SPEED OPERATION: The lack of storage time is the principal reason for 
improved high-speed operation. However, current mode operation also provides 
improvements in the other switching time intervals. Delay time is very short be- 
cause the low impedance drive circuit quickly charges the input capacitance. 
Moreover, as the transistor turns on, this low impedance drive also aids rise time. 
Since the source impedance is low, an input signal just slightly greater than that 
given by equation 8-1-1 provides sufficient overdrive to achieve high speed 
operation. 

Fall time is similarly improved, and the low voltage swing also enhances 
speed. 

NON-CRITICAL TRANSISTOR REQUIREMENTS: Transistor requirements for cur- 
rent-mode switching are less demanding than those of a saturated switch. 

The dc characteristics of transistors in current mode logic circuits are not 
critical. The excellent stability of the circuit virtually negates the normally im- 
portant I BL characteristic. For example, an I BL value of 100 /xamps across a 100- 
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ohm base resistor produces only 10 millivolts — a value which is negligible. 
Emitter breakdown normally presents no problem. Under the worst-case condi- 
tions, _ _ 

V 0B = Ei - V BE1 (8-1-5) 

or _ _ 

Vob = E — Y BE2 

as can be seen from Figure 8-1-1 b and d V 0B is ordinarily less than a volt. 

Current gain assumes some importance in considering "fan-out" and this 
will be discussed in connection with gate circuits. 

Since the collector-emitter saturation voltage, SV CE , does not set a logic 
level in current mode switching, its value is not critical but the knee characteris- 
tic is of importance. In view of the high current levels usually employed, it is 
important to be able to work at low collector voltage to keep dissipation low. The 
values of u> T and C ob at low collector voltages may cause a reduction in speed. 
This factor coupled with the value of V CE at the edge of saturation must be con- 
sidered when setting the collector voltage in the on condition. 

Of the transient characteristics, storage time is of no interest, however, f T , 
C oh , and C ib carry their usual significance. Also, since the source impedance is 
low, the base spreading resistance, r' B , becomes important. 

Fortunately, the inherent characteristics of mesa transistors, such as high 
power ratings and a high gain-bandwidth product at low V CE and high I c , make 
these units ideally suited for current mode circuitry. 

CONSTANT POWER SUPPLY LOADING: Regardless of which transistor is con- 
ducting, both the current from V EE , flowing into an emitter, and the current 
aI E , flowing from the collector to V cc , are equal. During the switching interval, 
the current from V EE divides between Q x and Q 2 , but still results in the same 
amount of total current («I E ) from V cc . 

As a result of this constant power supply loading, the problems of power 
supply design are reduced and generation of undesirable transients, which could 
cause spurious triggering in other parts of the system, are eliminated. 

EXCELLENT NOISE IMMUNITY: The current mode system is immune to noise 
in many ways. Since the load impedance is low, coaxial cables can easily be used 
to couple from collector to load when long runs are needed. Since the output 
signal is in the form of a current from a high impedance source, resistance in 
the cable does not cause a loss of signal at the load. A low impedance coupling 
system, of course, is very resistant to stray signal pickup. 

The circuits are similar to a differential amplifier. With the bases of both 
Qi and Q 2 referenced to the same potential, a change in this potential, or that of 
the common emitter supply, appears in the collector circuit, but is attenuated in 
value. (The common mode voltage gain is R L /R E which is much less than unity.) 
Inspection of the gate circuits to be described will reveal that noise on any power 
supply is attenuated when passing from supply to signal line. 

8-1-3 — Transient Response 

The transient response to a step function can be found in a manner analogous 
to that of a grounded emitter stage. 
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In Chapter 5, it was shown, that, for a saturated mode switch driven by a 
step of base current, the rise and fall times are given by 

^c T\ Ic Ta 

tr= I B1 -Io/2/?o and tf= I B 2 + Io/2^o 

In the current mode switch, the rise time of one transistor occurs during the 
fall time of the other. Therefore, recombination effects, represented by the Ic/2/?,, 
terms tend to cancel and can be neglected in the analysis. Neglecting recombin- 
ation is further justified because switching is normally fast. 

Since the collector voltage does not enter the saturation region, T A is lower 
for a current mode switch than for a saturated mode switch operating at the same 
value of I c . This arises because the large increase of C Tc and the drop of u> T as the 
saturation knee is approached does not occur in current mode switching. 

RISE TIME EQUATIONS: The equations derived for saturated mode switching, 
which assumed that the transistor is driven from a constant current source, must 
be re-evaluated for current mode switching. Figure 8-1 -2a shows conditions at 
the beginning of the rise time interval while Part b of the figure shows conditions 
at the end of the rise time interval. With the conditions shown,the input voltage is 
at a level where the off transistor is biased at the edge of forward injection. The 
voltages e { and v n are indicated on Figure 8-1-3 as a function of time. As Qi 
goes on and Q 2 goes off, v B is shown changing linearly from V B1 to V B2 .In reality 
v B changes nearly linearly, even though v BF is exponentially related toi E , because 
v B is the difference between v BE1 and v BE2 . 

The shaded area is related to the amount of charge delivered to the transistor 

v 
during the rise time interval. Since Q = idt =— -dt, the shaded area must equal 

R 

the product of RQ (n . If the transistors used are identical i.e., V BE2 — V TP1 = 

V BE2 — V TF2 , then the small triangular areas above and below the center line 

are equal and the total input charge is given simply as 

Qi^l.E/R. 

At the end of the rise time interval, the input charge Qi n equals the transistor 

active charge Q A . The term R is the total series resistance which includes that of 

the source as well as r' B of both transistors, therefore 

_ Q A 

tr - E 1 /(R S + 2r' B ) • (S- 1 " 6 ) 

Equation 8-1-6 is exactly the same as for a saturated mode circuit if V BE 
is assumed zero. 

In Chapter 5 the charge from zero to the 90% point was shown to be 



Q A = 0.9(-L+R L C ( )Io 



In current mode switching, the charge moved between the 10% and 90% 
points is of more interest, therefore, the factor, 0.9, should be replaced by 0.8. 
Since the voltage swings are small, C f can be considered equal to C ob and vt T can 
be assumed independent of voltage. Therefore, the final form of the rise time 
equation is 

0.8(l/a, r + R L C ob )I o 

tr = E l/( R s + 2r' B ) (8 - ! - 7) 
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<-)„ v c 




(-) v r 



> — W^Tt 




W V EE 



Figure 8-1-2 — 



(a) Conditions at the threshold of conduction for Q 

(b) Conditions at the threshold of conduction for Q; 
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V = V - V 

B2 BE2 TF1 



Figure 8-1-3 — Charge Diagram to Determine Input Charge 



OPTIMUM SOURCE RESISTANCE: It is possible to minimize t r by choosing 
an optimum value for R g . R s will normally equal R L , but in cases where a 
larger voltage swing is desired at the output than at the input, R L will bear some 
ratio to R g . If the collector current of a preceding stage is equal to the collector 
current of the stage under consideration, then, 

(Ej -|- E ) in = R g Ic 
(Ej -|- E ) out = R L I c - 
The voltage gain therefore, is 

R L 
R« 



A v = - 



(8-1-8) 



Normally E = E v Therefore, the rise time may be written in terms of the 
input and output voltages as 



t r = 0.8 (Vo) T + R L C ob ) 



( Rs -f~ 2r/ B ] | 2 E t (out) | 
Rl / V E x (in) / 



(8-1-9) 



El (in) 

Substituting 8-1-8 into 8-1-9, simplifying the result, taking the derivative 
and setting it equal to zero, the optimum value for R s may be found 



R 



S(opt) 



=v; 



Lb (8-1-10) 

Ay C ob (0 T 

This result indicates that as the voltage gain (A v ) increases the magnitude 
of R s should decrease for maximum speed. A physical explanation for this be- 
havior is that as A v increases, the input capacity is increased due to Miller Effect. 
However, the Miller Effect can be offset somewhat by lowering the source im- 
pedance. 

A numerical example will put the results of the preceding discussion into 
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meaningful terms. Typical values for the significant characteristics of a 2N2259 
transistor are: 

r' B =. 75 n 
C ob = 4pF 
f T = 300 mcs. 
Inserting these values in equation 8-1-10, taking R s = R L , and solving for 
R S(opt) , it is found that it equals 126 fl. 

Circuit voltages typical of current mode circuits are Ej (in) = E 1 (out) = 1 
volt. Taking R g = R L = 126 ohms, substituting the required values into 
equation 8-1-9 it is found that t r = 3.6 nS. This value is in close agreement with 
experimentally measured data. 



8-1-4 — DC Coupling Techniques 

Two basic coupling methods are employed in current mode circuits. One 
uses alternate PNP and NPN blocks (See Figure 8-1-4) in which there are two 
different "1" and "0" levels; the other uses zener diodes (See Figure 8-1-5) and 
current sources in the collector circuit so that the output of a block is always at the 
proper level to be coupled to a similar block. The basic action of these coupling 
methods was discussed in Chapter 2. 



-3V 



-20V 



X 



1.6K <1.6K 



1 2K 



o.i//h| I p 

l00O> I ±> ± K ^ 

> >100fl * 

^-~. < ° < -3V 

0.15»/H /V\ , <1K -3V <820fl 



+20V -20V 

Figure 8-1-4 — Alternate NPN-PNP Coupling 



)+20V 



)-20V 



+20V 



K K>1-3K >620fl R z >620fl R K >1.3K 

,3.3V 



R L <120fl 



€ )«, % & 1 



R E<1K 



R L <120fl 



Figure 8-1-5 — Zener Diode Coupling 
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vtyUXv-o 
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Figure 8-1-6 — Details of Complementary Transistor Coupling 



COUPLING USING COMPLEMENTARY TYPES: When coupling from an NPN 
stage with its base referenced to V BB , to a PNP stage having its base referenced to 
ground, as in Figure 8-1-6, the current through the load can be found by summing 
currents at node 1 . 

I L = I B + I K -I r (8-1-11) 

where I B = the total base current from n number of stages. From this, the voltage 
at node 1 is V B0 when all the transistors are off. 

V B0 = R L I L = R r . I K (8-1-12) 

where V BO is a positive voltage sufficient to satisfy the criterion given by equation 
8-1-1. 

When the transistors are on, the voltage at node 1 is 

V B1 = I L R L = R L (I B + I K - 1,0 (8-1-13) 

and I c must be larger than I K -j- I B by a sufficient amount such that V B1 is nega- 
tive and is larger than the value given by equation 8-1-1. Therefore, the voltage 
swing is 



dc 



Ib)Ri 



(8-1-14) 



The current I K essentially represents waste current since it doesn't drive any- 
thing. Examining equation 8-1-11 it becomes evident that, in a sense, I B is also 
waste current. Therefore, transistor current gain should be as high as possible. 

Low gain transistors can be accommodated by increasing R L to provide more 
voltage swing and reducing I K to just satisfy equation 8-1-12. However, the volt- 
age at the collector of Q, should never be allowed to drop below V BB in order to 
prevent saturation. To increase "fan-out", an emitter-follower can be inserted in 
the line between nodes 1 and 2 as shown in Figure 8-1-7. It will be necessary to 
shift the level at node 1 to compensate for the drop through the base-emitter junc- 
tion of Q v R E insures that Q 1 is conducting at all times thereby providing the 
proper off-bias when the gate transistors are off. This system will provide a 
more universal coupling block. 
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Figure 8-1-7 — Use of Emitter-Follower to Increase Fan-out 

ZENER DIODE COUPLING: Using a similar procedure, the coupling system 
using zener diodes can be analyzed from the notations shown on Figure 8-1-8. 
It is found that 

V B = R L (I C + I K + I B -I Z ). (8-1-15) 

For the two distinct conditions 

Q 2 off, Ch on: V B0 = R L (I c + I K - I z ) (8-1-16) 

Ch off, Q 2 on: V B1 = R r . (I K + I B - I z ) . (8-1-17) 

From Figure 8-1-8, note that, in order to keep the zener diode conducting, 
the condition 

Iz > Ic (8-1-18) 



must be fulfilled. A minimum of 2 to 5 mA is usually required for low voltage 
zener diodes. Therefore, to establish the off bias the current I K is injected so that 
v bo given by equation 8-1-16 is greater than (V BE — V T ) for the transistor. 
Examining equations 8-1-17, observe that I z provides the drive while I K and I B 
again represent waste current. Current I c provides the voltage swing across R L 
which is represented by 

e„ = R,.(I r - I„) (8-1-19) 



?(-) 



* Rz fty z lK l|; 

■*ic ' 





b(+) " 6(+) 

Figure 8-1 -8 — Details of Zener Diode Coupling 
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To accommodate high "fan-out", an emitter follower amplifier, as previously 
discussed, may be used with the zener coupling method. This is the approach 
used by Buelow, 3 and basically the same approach used in MECL* integrated 
logic blocks. 

IMPROVING CIRCUIT EFFICIENCY: With either coupling method, I K repre- 
sented waste current. By making R L larger for the off bias condition, I K can 
be reduced. Since the direction of I L through R L changes from one logic level 
to the other, it is a simple matter to make R L vary with current as shown in 
Figure 8-1-9. By means of diodes, the proper load resistor is connected in the 
circuit as current is reversed. Thus, I K can be greatly reduced. Generally, R' L 
can be eliminated if the forward voltage drop of D 2 produces sufficient off 
bias. With I K reduced, l^ can also be reduced, thus reducing power dissipation 
in the drive transistor and its emitter current source. 

The load resistor R L can also be eliminated if D t can develop the proper 
signal level. In this case, Dj serves as a clamp or a current sink. "Fan-out" can 
easily be accomplished, because as additional transistor bases are added in par- 
allel, their current requirement is borrowed from the diode. The waste of current 
through the load resistor has been eliminated and "fan-out" approaches the cur- 
rent gain of the transistor type used. 

Against these improvements in circuit efficiency and "fan-out" capability 
must be weighed the added circuit complexity and recovery time problems in 
the diodes. 



Figure 8-1-9 — Using Diodes to Increase Circuit Efficiency 
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SECTION 8-2 - CURRENT MODE INVERTER 

Clamped outputs while adding circuit complexity, increase efficiency and 
stabilize the output levels and are, therefore, commonly used. A clamped inver- 
ter showing the dc on-off states is shown in Figure 8-2- 1 . 

The use of clamped outputs complicates circuit design because a clamp sup- 
ply voltage must be determined and current must be provided for the diode when 
the load current is maximum. Inverter design remains basically separate from the 
output clamp design once the clamp conditions are determined. 

In the on condition, the three resistors (R z , R E and R K ) must guarantee 
a minimum available load current and also must maintain the zener diode in 
conduction at all times. In the off condition, R K and R z must be chosen so 
that a minimum available load current is assured. 



v cc<-> 



__ o-E„(+) 




v cc (-) 



E oW > 



— ° E l ( -> 




V <+) v (-) 
Kl V K2^ ' 



b) Qj OFF 

Figure 8-2-1 — DC States for Inverter Driving a Clamped Load 
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8-2-1 — Synthesis 

The inverter must be designed to supply the required output currents and 
maintain the output levels within specified limits. If variable loads are en- 
countered, clamp diodes must be used to limit shifts in the output levels. 

From Figure 8-2-1, it can be seen that the minimum output levels occur 
when the diode drops are minimum. Thus, the minimum clamp level needed to 
meet circuit requirements is easily determined from: 

Y K1 = E«-Y D1 ( 8 - 2 -D 

Yk2 = E, -V D3 (8-2-2) 

A minimum diode current must be chosen to keep the diode in conduction, 
depending upon the diode characteristics. This current is then added to the re- 
quired output current to set the requirement for the inverter current. Or: 

J n =T +J D1 (8-2-3) 

I 22 =Ii+Id2 ( 8 -2-4) 

The maximum E oro , It) occurs when both V K1 and V D1 are maximum. 

E 0((mt) =V K1 + V D1 (8-2-5a) 

Ei (ou t) =V K2 + V D2 _ (8-2-5b) 

Where V D1 is determin£d at the maximum diode current of (I — lo + Idi), 
and V D2 is determined at (I t — Ii + 1 02)- 

Considering the diodes as part of the load, the requirements for the in- 
verter are: 

I n must be available when e = E 
I 22 must be available when e () = Ej. 
The zener provides the level shift from input to output. To avoid satur- 
ation V CB should be set to insure a reverse biased collector junction. Quite simply 
then, the zener voltage is the difference between the input and output levels, 
plus a voltage to insure the proper V CB . 

V z = E 0(out) + E 1(iI1 , + V CB (8-2-6) 

For the on condition, the worst case occurs when I K1 is supplying a minimum 
of current and I n is required to be a maximum. If I drops too low, I DZ1 must 
increase which reduces the available I n . To guarantee that I n is available, 

I„=Jki-Tzi + Ic (8-2-7) 

or writing equation 8-2-7 in the notation of Figure 8-2-1 : 

t Ykk — E (out) V oc — V z -|- E (out) . Yee — V BE -\- Ej (ln) 

111 = § r 1- ^ (8-2-8) 

J^K iSz K E 

Also, when the transistor is on, a condition may occur where I c increases 
to a maximum and I z] as determined by V z and E is at a minimum. In this 
case, I DZ i could be too low to keep the zener in conduction. Thus, to guaran- 
tee Idzi- 

Idzi = Izi-To (8-2-9) 

Again, using the notation of Figure (8-2-la): 

T YcO — V z -| - E (out ) VeE — YbE + E t ( i n ) . - „ 

Idzi = s ^ (8-z-iU) 

*^z Se 
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From the off conditions shown in Figure 8-2-lb, a minimum I 2 2 must be 
made available. In this case, all the current goes through the zener and it is 
always in conduction. The worst-case occurs when I Z2 is a minimum and I K2 
is supplying a maximum current. 



I22 — Iz2 • 



Using the notation of Figure 8-2-lb 
I22 = 



YcC — Vz — El (out) 



Rz 



Vkk + E t 
Rk 



(8-2-11) 



(8-2-12) 



Equations 8-2-8, 8-2-10 and 8-2-12 can be solved simultaneously for the 
three resistors, R E , R z and R K by matrix methods. The only transistor charac- 
teristic appearing is V BE . 

Summarizing the three equations and writing them in matrix form: 

J_' 

Rz 

1 

Re 
J_ 
Rk 



Kn 


K 12 


— K 13 


K 2 i 


— K 2 2 


K23 


— K 31 


K32 


K33 



= Ir 



(8-2-13) 



where the following relationships apply: 



K12 = 

K13 =z 



1 



1 +n RZ 
O 
1 



1 



K01 — 



1 



*-21 



K 2 



l + n RZ 
1 



1 



(V cc - Ei _ V z ) 

(Vkk + EO 
(Yoo + E -V z ) 
(Yee — Ybe -)- Ej (ln) ) 



K, 



O 



K31 — 



(Vcc + E - V z ) 



K33 



32 — , — r~~~ (Yee 

1 + n EE 



l+n B 



(Yb 



Vbe + Ei (i n )) 

-E ) 



Ex and E are output levels unless otherwise noted. 



To determine a value of V BE an estimate of I c is needed. An intuitive 
approach will be_ sufficiently accurate to obtain the estimate for I c because the 
value used for V BE does not significantly affect the values required for the re- 
sistors. Assume that I z « I Z1 « I Z2 and I K « I K1 « I K2 . When Qj is on, I c 
opposes I Z1 and allows a residual zener diode current to flow (I DZ ). I K1 must 
supply the load current and the zener current. Therefore: 

Ic = Iz — Idz 
Ik = In + Idz 
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When Q 2 is off,I K2 and I 22 are supplied by I z , that is 

Iz = Ik + I22 
Combining these relations it is seen that 

Ic = In + I22 

From experience with tolerances, it can be assumed that they will multiply the 
required value for I c . 

Three tolerance factors are involved: 

1) The tolerance of the resistors (Nb) 

2) The tolerance of the power supplies (N P ) 

3) The tolerance of I K and I z due to the shift of the 
output level from E x to E (N v ). 

Using intuitive reasoning, an estimate of I should contain an N R term 
for each of the three resistors, an N P term for each of the three power supplies 
and an N v term for both I z and I K . Thus: 

Io ~ N vz N VK N P Nr 0*11 + I22) (8-2-14) 

Where 

N Vcc-Vz + Eq Vkk + Eq 

N ?-l_n P NR -l-n E 

(N P and N K were assumed identical for each resistor and power supply in equa- 
tion 8-2-14) 

Using equation 8-2-14 to find I c , V BE can be found from the data sheet 
and then equation 8-2-13 can be solved for the resistor values. 

The principles involved are illustrated in the following design example. The 
problem is formulated in much the same manner as for the saturated mode 
inverter. The design proceeds step-by-step from output to input. 

TABLE 8-2-1 - CURRENT MODE INVERTER DESIGN EXAMPLE 



Available Input Levels (volts) Required Output Levels (volts) 


Min 
E (+) 0.8 
E, (-) 0.8 


Max 

1.7 E (+) 

1.7 E, (-) 


Min 
1.3 
1.3 




Max 
1.7 
1.7 


LOAD CURRENT REQUIREMENTS(mA) 


at Output Level E„ 
at Output Level E, 


Io 
1, 


Max 
5 
8 




Min 




AVAILABLE POWER SUPPLIES (volts) 


Min. 
Norn. 
Max. 


—23.8 +23.8 
-24.0 +24.0 
—24.2 +24.2 




Clamp si 
to be dete 


pplies 
rmined 


AMBIENT TEMPERATURE OF INVERTER ENVIRONMENT 


0°C 10 45-0 
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SECTION 8-3 - CURRENT MODE FLIP-FLOP 

Very fast flip-flops can be built using current mode operation. One method 
consists of using two zener-coupled inverters connected back-to-back with a 
common emitter resistor as shown in Figure 8-3-1. The circuit shown has 
operated at speeds up to lOOmc. This circuit is an R-S flip-flop* employing "pull 
down" transistors as trigger amplifiers. A relatively small voltage swing at either 
the set or the reset line causes a change of state in a few nanoseconds. 

The zener diodes provide the level shift between input and output levels. 
Two output levels are available from this circuit depending upon which side of 
the zener is used as the output. Only the output level taken from the low im- 
pedance side of the zener diode will be regulated against zener voltage changes. 

The triggering of this circuit proved to be somewhat tricky because the 
change of state is very rapid. It was necessary to use trigger peaking circuits as 
shown in the test circuit of Figure 8-3-2. The Schmitt trigger which supplies 
the trigger is discussed in Section 8-6 of this chapter. The 50 mc output wave- 
form and the set input from the peaker are shown in Figure 8-3-3. 




RESET 



+20V 



Figure 8-3-1 — 100MC Current-Mode Flip-Flop 



*R-S flip-flop refers to a flip-flop which is "reset," that is, the output is a "0," when a "1" is applied 
to the reset input. Similarly a "1" applied to the set input, sets the output to a "1." 
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Figure 8-3-2 — Test System for 100 mc Current-Mode Flip-Flop 
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Figure 8-3-3 — Output and "Set" Waveforms for 100 mc Flip-Flop 
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8-4 - ASTABLE MULTIVIBRATOR 

A fast rise astable multivibrator results from the current mode circuit shown 
in Figure 8-4-1. Placing the timing capacitor in the emitter greatly improves 
the output waveform compared to a conventional saturated mode circuit be- 
cause the recharge voltage across the timing capacitor does not appear at the 
output. 

The circuit is designed so that two quasi-stable states exist. Operation is 
similar to that of the current mode flip flop in that a constant current is switched 
between Qj andQ 2 .V EE and resistors R E1 and R E2 are chosen so that they rep- 
resent current sources of I] and I 2 respectively. The voltage change across the 
capacitor is small. Examine Figure 8-4-2 at time T when Q 1 is off and Q 2 is 
on. The emitter current of Q 2 is composed of the current (I 2 ) through R E2 plus 
the current (I x ) through R E1 which flows through the capacitor. As the voltage 
builds up across C, the emitter of Qj becomes more positive which decreases 
the off bias on Q t . When the voltage across the base-emitter junction of Q t 
reaches V TF , Q r begins to conduct. Conduction of Q t results in a change of 
its collector voltage which tends to turn off Q 2 . Regeneration commences which 
rapidly turns off Q 2 and turns on Qj. 

The regeneration time is so short that the capacitor voltage does not change. 
Because of the shift in the dc level at the emitter of Q 2 as a result of the 
change of state, the voltage on C is of a polarity to place an off bias on Q 2 . 
The current through R E1 now charges the capacitor and the next half cycle 
commences. 

Note that the capacitor never recharges in the same sense as with the 
saturated mode circuit, but has a sawtooth waveform. The use of only one 
capacitor also eliminates the starting problem, common with the saturated 
mode circuits. It is impossible for both transistors to be in the same state. 

DESIGN GUIDES: The load can form part of the collector resistance if the 
load is a constant resistance. A variable load should not be used because it af- 
fects the off bias which changes timing. 




Figure 8-4-1 — Emitter Timed Astable Multivibrator 
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Qj ON T0Q4 OFF 




I I I 

Figure 8-4-2 — Emitter Timed Astable Waveforms 
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The purpose of the cross coupling network is to provide the proper level 
at the base so that the transistors can never enter the saturation region and to 
provide a sufficient off bias for good timing stability. For good on current 
stability, the current through R B and R K should be large compared to the 
maximum base current required by a transistor. 

The voltage swing (v c ) across the timing capacitor is approximately equal to 
V 0B which in turn is slightly less than the output voltage swing e . The values of 
R K and R B determine V 0B , which must be limited to a voltage less than BV EBO 
of the transistor but should not be too low otherwise the timing will be sensitive 
to changes in V TF . 

The voltage at the emitter must change by V OB , and some minimum V 0B 
is required to avoid saturation. To makelx and I 2 appear as current sources 
then the condition: 

V EE »V 0B + V CB + V x (8-4-1) 

must be met. 

All things considered, a reasonable value for V 0B is 2 volts. Having selected 
V 0B the ratio of R K and R B can be chosen, keeping in mind that the sum of 
R B and R K should be such that the current through them is large compared to 
the base current. With these constraints, suitable values for R B and R K may 
be found. 

Assuming the currents I x and I 2 are nearly constant the timing is given by 

CVnR (8-4-2) 



h 
CV, 



(8-4-3) 



The emitter current is given by 

I E = Ij + I 2 (8-4-4) 

The sag in the output waveform (v C2 ) as shown on Figure 8-4-2 occurs 
because the current Ij does not remain absolutely constant as the capacitor 
charges. Since Tj is shorter than T 2 , Ij is greater than I 2 . Therefore, slight 
changes in Ij are noticeable at the output of Q 2 , as the sum of I 1 and I 2 flow 
through it when on. Conversely, slight changes of I 2 are not noticeable at the 
output of Q t . 

Figure 8-4-3 shows the output of Q x using the circuit of Figure 8-4-1. 
The 6nS transition times illustrated cannot be attained with conventional astable 
multivibrators. 
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Figure 8-4-3 — Output Waveform of Astable Multivibrator 
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SECTION 8-5 - CURRENT MODE MONOSTABLE MULTIVIBRATOR 

In the astable multivibrator, a capacitor connected between the emitters 
provides the timing mechanism. If one side of the capacitor is returned to ground 
instead of to an emitter, a current mode monostable multivibrator results. A cir- 
cuit using this idea is shown in Figure 8-5-1. 

In this circuit, diode D 1 is used to set a reference voltage for the emitter of 
Q 1 . Since the emitter of Q 2 does not have a reference voltage, it is on in the stable 
state. The pertinent waveforms are shown in Figure 8-5-2. A trigger signal ap- 
plied to the base of Q 2 turns it off, and its collector voltage rises. This change in 
voltage is coupled to the base of Q x causing regeneration which results in a rapid 
change of state for the transistors. When Q x is on, a reverse bias is placed on the 
base of Q 2 . Timing starts as C D charges through the emitter resistor of Q 2 toward 
24 V and continues until C D has charged to a voltage such that Q 2 becomes for- 
ward biased. As Q 2 conducts, its collector voltage changes and regeneration 
quickly turns Ch off bringing e to ground. Then, C D discharges through the base- 
emitter junction of Q 2 toward ground potential. Q 2 acts as an emitter follower in 
discharging C D , however, the time constant involved in discharging C D is large. 
The repetition rate is limited by the recovery time of the capacitor and in this 
case the recovery time is almost comparable to the timing interval. Maximum 
repetition rate for the circuit of 8-5-1 is 1 mc. 




'.005/iF 



TRIGGER IN 



Figure 8-5-1 — Emitter-Timing, Current-Mode Monostable 
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Figure 8-5-2 — Emitter Timing, Current Mode Monostable 



Another type of monostable multivibrator can be created by using a com- 
mon emitter resistor and supplying one side with base current to hold it on as 
shown in Figure 8-5-3. Current through R B holds diode Dj in conduction and 
base current to hold Q 2 on is borrowed from the diode. The zener diode and asso- 
ciated coupling network are chosen so that Qj is biased off. 



(-)6V(V K ) 
p 



-24V (V CC ) 
_J 



D, - - S 'Kfi 



^o) £8.6Kfl?620fl 



900 



TRIGGER 
0-1 /-O- 



Oi 
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50pF < 30° 



200pF 
R 



B>1.3Kfl 



►1.2KA 



€> 



s 



b(+)24V(V EE ) 



Figure 8-5-3 — Base Timing Current Mode Monostable 
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Figure 8-5-4 — Base Timing Current Mode Monostable 



Operation is analogous to the saturated mode monostable circuit. As can 
be seen from the waveforms in Figure 8-5-4, application of a trigger turns Q 1 
on causing its collector voltage to drop. This drop is coupled through the large 
timing capacitor, which appears as a short to the transient, to the base of 
Q 2 turning Q 2 off and regeneration causes a rapid change of state. Timing 
begins as C D charges through R B , and ends when Q 2 starts to conduct. A slight 
conduction of Q 2 causes regeneration to begin, thus returning conditions to 
those of the stable state. Diode D 2 and the 6V supply limit the voltage appear- 
ing across C D and thus prevents excessive reverse emitter junction voltage 
from being applied to Q 2 when this voltage appears at its base during the timing 
cycle. 

Recovery of this circuit is fast because the charge current is equal to the 
collector current of Q 2 and the voltage waveform during recovery is a clipped 
exponential due to the clipping action of diode D 2 . Thus, charging is linear and 
only a small fraction of the RC charging time constant. The duty cycle of this 
circuit can be as high as 80%. In this regard, the base timing monostable is a 
better performing circuit than the emitter timing circuit previously described. 

These designs have the advantage of being sensitive to small trigger signals 
but insensitive to level. Noise is not a problem, however, as trigger level may be 
set well above any noise level. Regeneration is extremely swift in these circuits 
resulting in very fast rise and fall times. 
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SECTION 8-6 - CURRENT MODE SCHAAITT TRIGGER 

As shown on Figure 8-6-1, a current mode Schmitt Trigger can be con- 
structed from a simple inverter stage where the input reference voltage of one 
stage depends upon the collector voltage of the preceding stage. The second in- 
verter is isolated from the input voltage and only responds to changes which are 
large enough to cause regeneration which results in a change of state. 

Since the base voltage on Qj determines the states of Qj and Q 2 , the bias 
potentiometer serves as a sensitivity-symmetry control. Variations in the nominal 
zener diode voltage will require trimming this adjustment. The zener coupling 
method used in the inverter of Section 8-1 could be employed to render the circuit 
insensitive to shifts in zener diode voltage. The zener diode is kept in conduction 
at all times by R 6 . Resistor R 4 supplies a constant current into the 100 ohm output 
load so that the output levels are shifted to -\- 1 volt and — 1 volt from the levels 
of and — 2 volts, which would otherwise result. The shift in levels is often 
needed to properly trigger gates and flip-flops. 

Using 2N2258 transistors, rise and fall times are 2 and 3 nS respectively, at 
a 50 mc input frequency. Figure 8-6-2 shows the output waveforms under differ- 
ent loading conditions. The rise and fall times with capacitive loading are gov- 
erned primarily by the R-C time constant of the load; that is, t r = t f = 
2.3 R L (C L -(- C ob ), where C L is the load capacitance. 




*L<100fl 



1.9K<R. 



-20v 



Figure 8-6-1 — 50 me Current Mode Schmitt Trigger 
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Figure 8-6-2 — Output Waveforms of Current Mode ScHmitt Trigger 
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CHAPTER 9 



Avalanche Mode Switching 

In conventional saturated mode or current mode transistor circuits, operation 
in the avalanche region has to be carefully controlled if latch-up is to be avoided. 
Under some conditions, operation in the avalanche region may even result in 
permanent damage to the device. 

However, avalanche mode operation can provide extremely high switching 
speeds and is capable of producing a current output far in excess of that obtained 
from conventional circuits. This chapter discusses some of the considerations for 
avalanche mode operation, reviews behavior of transistors in the avalanche re- 
gion, and presents some useful circuits. 

Avalanche multiplication occurs in reverse-biased PN-junctions as a result 
of impact ionization produced by mobile charge carriers. The process — similar 
to Townsend breakdown in gases — may be visualized as follows: 

An electron, thought of classically as a charged particle, moving through the 
crystal lattice in the depletion region of the junction, gains energy as it is acceler- 
ated by the electric field across the junction. Eventually it collides with one of 
the atoms of the lattice and, if it has gained sufficient energy prior to the collision, 
may disrupt the atomic bonds and release an electron by impact ionization. In so 
doing, it also releases a hole; there are now three charged particles, each of which 
may participate in one or more ionizations. Thus, an avalanche of charged parti- 
cles is produced and a large current flows through the junction. 

A multiplication factor (M) is defined as the number of hole-electron pairs 
produced per carrier entering the depletion layer. The analytical expression is 
extremely complex but Miller 1 has found that the behavior of M with reverse 
junction voltage can be approximated by 

M= i- ( v/v B )- (SM) 

where V is the reverse junction voltage, V B is a critical voltage at which M be- 
comes infinite and is called the breakdown voltage, and m is a constant whose 
value is determined by the type of semiconductor material. A plot of M vs. V/Vb 
is shown in Figure 9-1. 

In the PN-junction, the ionizing carriers are thermally generated, however 
conditions necessary for avalanche multiplication can also be produced in the 
reverse-biased collector junction of a transistor where carriers are injected as 
well as thermally generated. Since the carriers injected into the collector deple- 
tion region can be controlled by the emitter and base currents, it might be antici- 
pated that avalanche behavior in a transistor would be much more interesting 
than that of a single junction. 
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Figure 9-1 Avalanche Multiplication Factor (M) 

9-1 — Static Characteristics of the Avalanche Region 

The general behavior of a transistor when collector avalanche effects are 
considered can be found by simply incorporating the multiplication factor M into 
the general transistor equation. That is: 

Ic = M ( ffi I E -f I CB ) 
where 1q B is the bulk reverse diffusion or charge generation current excluding 
multiplication effects. The surface current has been neglected. 

Substituting I E = Ic -|- I B and simplifying 

Ic = -^TaM a ° B + a Ib) (9 " 2) 

In Chapter 3, it was shown that entrance into the avalanche region occurs 

when <vM is greater than unity in which case V CB must exceed Va M (the voltage 

where a M = 1). If Iq is to be larger than I CB , I B must be negative in order to 

satisfy equation 9-2. 

Substituting Miller's equation 9-1 into 9-2 and assuming V CB =« V CE 

T Icb — «Ibr 



Solving for the collector voltage V CE 



(V CE /V B )' 



V CE = 



-{— +-[-^--^]r 



(9-3a) 



(9-3b) 



where I BR is understood to be the magnitude of the negative base current. 

Since the base current is in the reverse direction and the emitter current is 
in the forward direction, the collector current can never be less than the base 
current, i.e.: I c = I BR -j- I E .* When ^ becomes large compared to I BR and Ic B , 

•That is, equation 9-3 is not valid when the emitter becomes reverse biased by any significant amount 
as the emitter reverse currents have been neglected in this analysis. 
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observe that V CE becomes 

V CE = V B [1 - a] 1/m . (9-4) 

This relationship was derived in Chapter 3 (equation 3-16a) for the case 
when aM = 1 ; the voltage at this point was defined as V« M . Therefore, regardless 
of conditions at the base, the collector voltage of a transistor, which is on in the 
avalanche mode, approaches Va M when I c is high. Thus,Va M becomes a signifi- 
cant voltage for avalanche mode operation. 

Va M is not constant with current because both a and m are current sensitive. 
Usually, a rises to a peak at a moderate current level giving a dip in a plot of Van 
vs. current. Also, m increases (that is, multiplication decreases) as current level 
increases due to depletion layer widening effects. These effects explain the typical 
behavior of Van as shown in Figure 9-2. 
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Figure 9-2 Typical Van Behavior with Emitter Current 



From equation 9-3b, when I BR = I c observe that V CE approaches V B as I c 
is increased. The condition where I BR r= I corresponds to a slight reverse bias 
voltage (<£tr) on the base (previously given in equation 3-11) in order to keep I E 
zero. For this special case, from equation 9-2, by setting I c = I B : 

I c = I B = M I CB . 
This equation defines the conditions at the off point. The point where the collector 
current as given by equation 9-3a intersects the M I CB curve indicates the point 
where the emitter begins to inject. 

A particularly interesting condition occurs when I BR = I CB /«. Then for I > 
Icb. V CB = V« M . 
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Figure 9-3 Theoretical Plot of Transistor Output Characteristics in the 
Avalanche Region 



Behavior in the avalanche region, as represented by equations 9-3a and b, 
is plotted in Figure 9-3 for the case where m = 3.7 (a typical measured value for 
the 2N705). Actual devices closely approximate this behavior. The chief depart- 
ures arise because of the variations of m and a with current as previously dis- 
cussed. The relative ratios of V<* M to V B and the shape of the curves would vary 
slightly with changes in a. and m due to the different device structures. 

The heavy line corresponds to the case of zero emitter current where I = 
I BB = MI CB . Notice that the transistor exhibits a high negative resistance at the 
point of emitter injection. The incremental avalanche resistance (r A = dV CE /dI c ) 
is negative when I > I BR and decreases at a given Iq as I BR increases. For 
large values of Ic, V CE approaches Va M and r A approaches zero. For I BR = I 0B , 
as the curve shows,V CE is always slightly greater than Va M for any Ic > I CB . 

9-2 — Transient Characteristics 

An incremental model of a transistor operating in the avalanche mode can 
be developed in order to investigate its stability and operating points in circuits. 
The nature of this model can be qualitatively deduced by considering the effects 
of differential currents (i) and voltages (v). The incremental resistance r A was de- 
fined as dv/di at a given operating point. In addition a capacitive effect is evident 
because during transient conditions the amount of stored charge is changing. This 
changing stored charge can be accounted for in a model by an incremental capa- 
citance C A which is defined as dq/dv. 

Assume the operating point is located at Point A on Figure 9-3 and a nega- 
tive increment of voltage Av is applied to the terminals. This is accompanied by 
an increase of current Ai- Assume effects of C ob are negligible, then to produce 
this increase of current A'> the stored charge must increase an amount Ai- 
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Therefore, 



Aq 



Aq 



— Av - |Av |- (9 " 5) 

which is a negative value throughout the negative resistance region. If Point A 
is moved into a region of higher current, the same A v is accompanied by a larger 
Ai- This means that C A approaches minus infinity as I c increases. Also, as Point 
A is moved to the very low current range the same reasoning reveals that C A 
approaches zero. 

In Chapter 5 it was shown that the change in charge required to change Io 
by a small amount was given by: 

AV cj (9-6) 



Aq 



= *(-!- 



Substituting 9-6 into 9-5 we have 

Ai 



1 



Ai 



+ C 



Av m T 

but, A v /Ai is the negative resistance r A , therefore, 



\ r A«T ° / 



(9-7) 



Thus, when the collector capacity is included in the expression for C A it is found 
that: 

at high I , r A -» .'. C A — » — oo 
at low I c , r A -^ oo .". C A -» C ob . 

Similar reasoning will show that both r A and C A are positive on the I E = 
line. 

Since the differential change of terminal current accompanying a differential 
change of voltage is the sum of changes occurring in the resistance and capaci- 
tance, the equivalent circuit takes the form of r A and C A in parallel as shown in 
Figure 9-4. 

In summary then, the salient features of operation in the avalanche region 
are: 



1- V«m < v CE < V B 

2. Negative nonlinear output resistance 

3. Negative nonlinear output capacitance 



measured between 
collector and emitter 
terminals 




Figure 9-4 Equivalent Circuit of a Transistor in the Avalanche Region with 
Resistive Load 
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9-3 — Operation of a Single Transistor Circuit 

Operation in the avalanche mode is regenerative, as inferred by the presence 
of the negative resistance. The regenerative behavior can be understood by means 
of a qualitative example. Consider a single transistor biased as shown in Figure 
9-5a. Here the available reverse base current is constant at about 1 mA, and the 
collector supply voltage is approximately V B . The emitter junction is slightly 
reverse biased, and the transistor operating point is at D as shown in Figure 9-5b. 
The multiplication factor M of the transistor is large since V is close to V B . 

Assume for simplicity that a small amount of current is injected into the 
emitter (by means not illustrated on the figure), causing the emitter junction to 
become forward biased. When the injected current reaches the collector, it is 
multiplied by M. However, the base current is held constant; therefore, the in- 
crease of collector current results in a similar increase of emitter current since 
the V cc supply cannot store current. This regenerative process continues; as the 
current builds up, the collector voltage decreases which in turn decreases M: the 
build up proceeds more slowly until an equilibrium condition is reached, at the 
operating point A, where regeneration is no longer possible. The operating point 
will remain at A until some external trigger is applied to cause it to move back 
to D. Thus, the single transistor circuit of Figure 9-5a exhibits bistable operation, 
moving regeneratively from D to A and from A to D in response to an externally 
applied trigger. 

Let us examine this process in more detail. In general there are three points 
of intersection of a load line with the transistor characteristic, (A, B and D on 
Figure 9-5b). It is helpful to investigate the potential stability of these points. 

The stability of a static operating point can be found by representing the cir- 
cuit by its incremental model and finding its natural frequencies. If any natural 
frequencies correspond to a growing transient, the operating point is unstable 
because any disturbing signal will grow with time. This will cause operation to 
move in the direction of the disturbing signal until a stable point is found. Con- 
versely, a stable point is one whose natural frequencies correspond to decaying 
transients. 

Using pole-zero-theory, the natural frequency of the transistor circuit is 
found by inspection of Figure 9-4 to be: 

S = - g + ° (9-8) 

where g = l/r A and G = 1/R L 

As long as S is negative, the pole is located in the left hand of the complex 
S plane and operation is stable. Clearly then on the I E = curve, where both g 
and C A are positive, operation is always stable, an obvious conclusion. However, 
in the region where I > M 1^, both g and C A are negative. Therefore, in order 
to make S negative |G| < |g|. In terms of resistance 

R L > r A for a stable point 

R L < r A for an unstable point. 

Obviously the point where R L = r A (i.e.: 1/Rl is just tangent to the tran- 
sistor characteristic curve) is the boundary between stable and unstable points. 
At Point A, R L > r A and Point A is stable while at Point B, R L < r A and Point 
B is unstable. The characteristics of the avalanche region are typical of a group 
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Figure 9-5a Basic Bistable Circuit Biased for Avalanche Operation 
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Figure 9-5b Load Line for the Basic Bistable Circuit 



of negative resistance devices which are called open circuit stable devices. That 
is, they are stable at any point under conditions where R L — > oo . 

Switching time is fairly independent of load resistance due to the peculiar 
inter-relationship 2 of the functional behavior of C A and the v-i characteristic. 

Consider how current must build up to move operation from Point D to 
PointA, which is the rise time. The trigger circuit causes injection of an amount 
(c) of carriers from the emitter into the base, which reach the collector depletion 
region after a transit time T*. Multiplication occurs and Mc carriers leave 
the collector. However, all carriers (since the base current is constant) that 
leave the collector must flow into the emitter. These Mc carriers again flow 
across the base, after another interval T they are multiplied and M 2 c carriers 
leave the collector. Thus, a regenerative build-up occurs, its rate depending 
upon the transit time T and M. 
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Figure 9-6 Voltage-Current Characteristic Curves and Load Lines in the 
Avalanche Region 

As the switching interval is first initiated, because v CE is high, M is large, 
and T is at its smallest value since the base width is at its narrowest. 

Therefore, regeneration proceeds quite rapidly. However, as v CE approaches 
Vct M , T has decreased somewhat and M is only slightly greater than unity. This 
causes the rate of rise to become progressively less as v CE — » Va M . The overall 
result is an approximately exponential response time. 

A mathematical expression for rise time is extremely complex 2 and of doubt- 
ful value for the circuit designer. Measured values for a 2N705 transistor are 
typically 40nS which is approximately 30 T. 

The decay of current which moves operation from A to D — the fall time 
interval — is the inverse of the current build up. Accordingly the switching 
response from A to D is characterized by a large delay and slow initial rate of rise, 
since M is small initially. 

The action of the simple avalanche circuit, can now be reviewed, giving more 
attention to the details. Referring to Figure 9-6 assume operation is initially at 
Point A where I BR = 1mA. In order to trigger the circuit a situation must be 
produced where r A > R L . This can be accomplished in two ways: 

1. The base current could be lowered causing the operating point at Point 
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A to become unstable (R L < r A ). Once operation is in the negative re- 
sistance region, base current could be restored to 1 mA, in which case the 
only stable operating point is at B. However, if the trigger is still present 
at the end of the switching time, then operation will be at B'. 
2. Collector voltage could be increased causing the load line to shift to A". 
At this point R L < r A and the circuit will trigger. The stable point would 
again be at B with the trigger removed or at B" with the trigger present. 
In order to turn the transistor off to Point A, the condition R L < r A must 
again be produced. This can be accomplished by the inverse of either of the 
methods used initially. That is I BR could be increased, which would move the 
operating point to D' or V cc could be lowered which would move the operating 
point to D". D' and D" are unstable points which would cause the circuit to trig- 
ger in the direction of the disturbance, i.e.,: back to Point A. 

The operating path which the circuit follows must always lie on the load line. 
The difference in current between load line and v-i characteristic is the current 
which flows into the device capacitance. This, of course, assumes that the device 
can be represented by a single non-linear resistance in parallel with a non-linear 
capacitance. 

9-4 — General Circuit Design Considerations 

BIASING: The previous discussion has shown that the switching speed is 
determined in part by the value of M. It follows then that V CE at the off point 
should be very close to V B . That there is an optimum value for I c to produce 
maximum M can be deduced by the following reasoning: 

For Ic = I CB , (i.e.: I D -f- I G ), M = 1 and the collector voltage is small, as 
is the collector dissipation. As I c increases, I CB is approximately at its ambient 
temperature value; thus M increases. As I c is further increased, making v CE ap- 
proach V B , the dissipation rapidly increases, and the heating of the junction 
causes I CB to increase. Eventually, the percentage change of I c will be less than 
the percentage increase of I CB which it causes; thus M decreases. An approximate 
analysis 3 indicates that the optimum bias current required to produce maximum 
M is 



and 



^•^w (9 " 9) 

M (max.) = -^M- (9-10) 

e (Icba) 



where k is Boltzmann's constant (8.63 x 10~ 5 ev/oR) 

E g is the gap energy for the semiconductor material 

(0.72 electron-volt for germanium and 1 . 1 electron-volt for 
silicon at 300 °K — Room Temperature) 
$ is the thermal resistance in degrees C per watt 
T A is the ambient temperature in degrees Kelvin 
Icba is the bulk current at the ambient temperature 
e istheNaperianbase2.718. 
For a 2N705 transistor the optimum current calculates to be about 1 mA. 
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TRIGGERING: In the previous discussion it was shown that there are two 
basic methods of triggering; the base current can be lowered (i.e. biased more 
toward the forward direction) or the collector voltage can be increased. This 
section will show that the second method — collector triggering — is preferable 
from transient considerations 4 . 

If the base is triggered it is found that several difficulties arise. Long un- 
predictable delays ranging from 10 to 100 nanoseconds occur and the amplitude 
of the trigger pulse affects the output pulse waveshape. These problems are due 
mainly to two factors: 

1. The most significant factor arises because the trigger lowers the collec- 
tor-base voltage by an amount equal to the trigger amplitude, which results in 
a decrease of M. The decreased M considerably reduces circuit speed. (In this 
manner the trigger opposes the regenerative action.) 

2. The emitter-base input capacitance (C ib ) must be charged through the 
base spreading resistance or lateral base resistance r' B , which is fairly high be- 
cause the high collector voltage causes the base width to be narrow. This effect 
is variable among transistors of the same type and is most severe in alloy type 
transistors. (See Chapter 1). 

Conversely, collector triggering results in distinct advantages. 

1. The trigger signal increases the collector to base voltage thus increasing 
multiplication. 

2. The multiplied collector current flows into C ib through a very small 
transverse base and collector resistance (approximately R F — see Chapter 4) 
which causes rapid charging of this capacitance. 

The resulting delay is found to be nearly independent of transistor type and 
to be of the order of a few nanoseconds. 

SELECTING TRANSISTORS: From the discussions so far, it is clear that V B and 
Va M determine a great many of the characteristics of avalanche mode circuits. 
It follows that if avalanche mode circuits are to be built that do not need to be 
tailored to fit each transistor, a device type with a very close distribution of V B 
and V«ji must be chosen. The transit time (T) must also be small for fast switch- 
ing times. Most standard mesa switching transistors fulfill these requirements. The 
2N705 is used in the circuits in this chapter. 

9-5 — Avalanche Mode Circuits 

Single transistor avalanche mode circuits are not particularly satisfactory. 
As has been pointed out for the resistive load circuit, rise time is long (30 T) 
and a long delay precedes switching from the on to off state. To minimize this 
delay a large turn-off pulse is required. An R-C circuit can be built to produce 
monostable operation, but the pulse shape is not rectangular and is difficult to 
control. The rise time, however, is much faster, on the order of 5T, because of 
the capacitive load 2 . 

Bistable operation has not proven practical. A single transistor circuit is 
slow and requires triggers which differ in polarity. A two transistor bistable cir- 
cuit has been constructed which illustrates the remarkable speed attainable with 
avalanche mode circuits, but since it must be direct current coupled, the biasing 
problems introduced make the circuit unattractive. 
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Avalanche mode circuits find their greatest appeal in the generation of rec- 
tangular pulses. The single transistor circuit when used with a delay line provides 
a useful pulse shape because the delay line provides a substantial turn-off pulse. 
In general though, two transistors are needed; the circuit is arranged so that at 
least one device is operating with high M during the switching interval and so 
that the other device produces a large turn-off pulse. This technique greatly en- 
hances circuit speed. 3 6 

The circuits to be described were developed in the Engineering Research 
Laboratories at the University of Arizona under a contract agreement with 
Motorola. Since no products are specified for worst- case avalanche mode opera- 
tion, no attempt has been made to design the circuits on a worst-case basis. 

The circuits should be of interest as they illustrate good design practice 
and have proven to be quite workable. The only transistor characteristics having 
major influence upon performance are V B and Va M . In a Delay Line Generator, 
the pulse amplitude is determined by (V R - V ttM ) and the duration is controlled 
by the delay line. In a high current monostable circuit, pulse width control is 
relatively independent of (V B -Van)- However, the amplitude is determined by 
(V B - Va M ). This circuit is useful for the generation of large current pulses into 
a low impedance load. In a low level monostable circuit, very fast rise times are 
featured but the pulse duration, rather than the amplitude, is determined by 
(V„ " V aiI ). 

DELAY-LINE PULSE GENERATOR: An effective circuit for generating either 
positive or negative pulses with controllable pulse amplitude and duration can 
be obtained by the use of a single transistor operating in the avalanche mode 
in conjunction with a delay line. The circuit is, in many respects, analogous to 
the familiar gas-tube pulse generator. The basic circuit of such a pulse generator 
is shown in Figure 9-7. 

In this circuit, the output voltage is positive, however, negative voltage 
can also be obtained, if the load R L is placed in series with the emitter-to-ground 
connection. 
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Figure 9-7 Delay Line Pulse Generator 
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Figure 9-8 Static Characteristics of Delay Line Generator 



Circuit Operation: Assume that initially the operating point is at A on Figure 
9-8. The resistance R c in conjunction with the bias supply V r( . charges the delay 
line, which behaves essentially as a capacitive load during the off-cycle, toward 
the supply voltage. When a critical voltage V K « V B (as determined by I B and I c ) 
is reached, the emitter begins to inject and the transistor exhibits a negative re- 
sistance which causes regeneration. During the regenerative transient the current 
through R c can be neglected. The delay line appears to be a resistance equal 
to its characteristic impedance Z , thus the operating point moves to Point C. 
Figure 9-9 illustrates circuit condition at this point. The switching transient gen- 
erates a positive transient on both the line and the load. When the transient on 
the line reaches the open end, it is reflected without a change of polarity. When 
it returns to the collector, it increases the voltage across that end of the line; 
since the line and load are in series with the fixed source of Vq: m , this results in 
a reduction of the voltage across R L . In turn, the current is reduced to a value 
which can no longer sustain the collector voltage at Va M . Operation moves from 
Point C to Point D, an unstable point, which causes regeneration and moves the 
operating point to Point E. Reflections may now occur on the line but since the 
impedance of the transistor is high, they cannot appear at the output. The cycle 
is then repeated. 

Circuit Analysis: The pulse duration is simply the two-way propagation time 
of the line or 

T D = 2T P (9-11) 

The peak pulse current, (I P ) can be determined from 

V B - V« M 



p - R L + Z 
and the output amplitude (V P ) from 

V P = (V„ - V« M ) R L /(Z + R L ) 



(9-12) 
(9-13) 
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Figure 9-9 Equivalent Circuit for the Delay Line Generator in the On State 

The maximum output voltage is limited to (V B - Vu M ) and occurs when 
R L » Z . However, this condition will result in reflections on the load. This 
occurs because the amplitude of the pulse on the line (V L ) is given by: 

V L = (V B - V« M ) Z /(Z„ + R L ) (9-14) 

The voltage V L would be very small compared to V P if R r> » Z . When 
this small voltage returns from its trip down the line, it is incapable of reducing 
the load current sufficiently to terminate the pulse. Thus, reflections will occur 
until the voltage at the output is reduced to approximately Va M . The load cur- 
rent will then be small enough to initiate regeneration to turn off the transistor. 
The criterion for no reflections to occur can be found by determining under what 
condition the voltage on the line is capable of reducing the load current to a 
value too low to maintain operation above point D. Obviously if V L == V r , the 
load current will be reduced to zero and no reflections can occur. Therefore, 
the criterion for no reflections is approximately 

R L ^Z (9-15) 

For fastest transition times, V cc and R c should be selected to give an opti- 
mum M in accordance with equation 9-10. V co and R c affect the repetition 
rate; the current source in the base also gives some control. However, the repeti- 
tion rate is primarily determined by the value of the line capacitance and there- 
fore is mainly determined by the pulse width. 

By choosing suitable transistors and line impedances, a variety of pulse 
amplitudes can be obtained. The load, R L can be varied to obtain different 
voltage outputs, but if reflections are to be avoided, then R L must be less than Z . 

A HIGH-CURRENT PULSE GENERATOR: When high current pulses are required, 
it is necessary to allow the high output current to flow only during the pulse in- 
terval, to keep transistor dissipation low. It is desirable to have a rectangular pulse 
shape of controllable duration. For a monostable pulse generator, these specifica- 
tions dictate a constant voltage source, rather than a constant current source, to 
supply the pulse current, a quasi-stable state during which the pulse amplitude 
remains constant, and a means of regeneratively terminating the pulse at some 
controllable time after its initiation. The two-transistor monostable circuit herein 
described is an attempt to satisfy these requirements. The general operation is 
similar to the delay-line pulse generator, differing in that a pulse from a second 
transistor, rather than a pulse reflected from an open ended delay line, is used to 
terminate the pulse. 
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Circuit Operation: Although the exact circuit configuration shown in Figure 
9-10 is not practical, its basic operation is the same as the practical circuit intro- 
duced later and its simplicity warrants its use here. Transistor T ]; bias current I 1; 
and load resistor R L comprise a circuit which is used to produce a rectangular 
high-current output pulse through R r . Transistor T 2 , bias current I 2 , capacitors 
C and C c and resistor R L form a resistance-capacitance load circuit used to 
generate a pulse which is delivered to the base of T 1 to cause it to regeneratively 
turn off. The circuit operates in the monostable mode and is permanently stable 
while no pulses are being generated; this is termed the stable state. After being 
triggered on, the circuit cannot remain in the pulse-producing condition indefi- 
nitely but terminates its output and turn-off pulses. The circuit condition during 
which these pulses are being generated is thus termed the quasi-stable state. The 
waveforms generated by the circuit and the time periods corresponding to the 
stable and quasi-stable states are shown in Figure 9-11. 

During the stable state, the base-collector junction of Tj is biased in ava- 
lanche by I x and the base voltage is thus the avalanche voltage, V B1 of T u where 
the voltage I^Rl is assumed to be negligible compared to V B1 . The value of the 
emitter voltage supply, V E , is slightly less than V B1 thus providing the reverse 
emitter-base junction bias. A negative trigger, of magnitude larger than V Bl - V E , 
applied to the base forward biases the emitter-base junction and causes the 
emitter to begin injecting holes into the base. These holes are multiplied by M 
at the collector junction and the regenerative current build-up occurs. 

As in the elementary circuits previously discussed, the turn-on transient and 
conducting state operating point are described in terms of the collector char- 
acteristic curve. Regeneration moves the stable point to approximately V<* M 
generating an output voltage across R L of approximately V El - Va M , thus the 
load current is: 

I P = Vei ~ V " M1 (9-16) 

R L 

where Va M1 is the Va M of T x . 

During the stable state prior to turn-on, the collector of T x is above ground 
only by the amount of the negligible voltage ^R^. The emitter of T 2 is con- 
nected to the collector of T x through R and is thus also essentially at ground 
potential. The base of T 2 is at V B2 volts, and the base collector junction is biased 
in avalanche by current I 2 . When T 1 is triggered on and the output pulse of 
V E1 - Vajn v °l ts appears across R L , C begins charging exponentially toward 
V E i - Va M1 with time constant RC. The bias voltage V B2 is less than V E1 - Va M1 
and, therefore, the emitter-base junction of T 2 will become forward biased when 
C charges to V B2 volts. At this time, holes are injected from the emitter into the 
base of T 2 . These holes are multiplied by M at the avalanche biased collector 
junction, thus initiating the regenerative current build-up. 

The pulse generated by T 2 is essentially that of the elementary R-C load 
circuit previously mentioned where the resistive part of the load is R L plus the 
bulk resistance of the transistor and the capacitive part is the series combination 
of C c and C. This pulse is coupled through C c to the base of T l and causes 
regenerative turn-off of T v As C discharges, the turn-off pulse current decreases, 
the magnitude of the incremental negative resistance of T 2 increases, and in time 
the transistor regeneratively turns off. When the turn-off pulse is terminated, 
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Figure 9-10 Basic Circuit of a High-Current Pulse Generator 
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Figure 9-1 1 Pulse Waveforms for High-Current Pulse Generator 
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both transistors are in the non-conducting state, the circuit is in the stable state, 
and one cycle of operation has been completed. 

The pulse duration is the time required by C to charge to V B2 volts plus 
the time required by the turn-off pulse to initiate turn-off of T 1 . The latter of these 
two times is generally small compared to the first, and, therefore, the pulse dura- 
tion, denoted T D can be calculated as the charging time of C from zero to V B2 
volts. The initial voltage is zero and the voltage C is charging to V E1 - Vajn. 
Therefore, 



RCln 



■ V«i 



(9-17) 



V E1 - Vam - V B2 

A Practical Circuit Configuration: A practical circuit configuration is shown 
in Figure 9-12. The voltage sources E 1 and E 2 with associated resistors R lt R 2 , 
R 3 , and R 4 are considered to be constant current sources of I] , I 2 , I 3 , and I 4 re- 
spectively. During the stable state the reverse emitter-base junction bias for T l 
is provided by the forward voltage across D u due to bias current I x . The positive 
voltage bias for the base of T 2 is established by biasing zener diode D z in its 
zener region with current (I 4 - 1 3 ). Capacitor C l is sufficiently large so that it 
appears to be a battery of V E1 volts during the generation of the output pulse. 

The purpose of inductor L is to prevent the turn-off pulse from being shunted 
to the emitter node of T 1; and D 2 is included to prevent excessive base current 
in T 2 if its base voltage should become negative during the generation of the 
turn-off pulse. It is desirable to isolate the trigger source impedance from the 
circuit and this is accomplished by components D t , R 5 , and R 6 . For biasing pur- 
poses, the T 2 base voltage, V B2 , which is the zener voltage of D z plus the forward 
drop across D 2 , must be between zero and (V E1 -Va M1 ) volts. The zener diode D z 
and its bias current (I 4 - 1 3 ) are chosen to provide this bias. 




Z^V = 4V 



Figure 9-12 High Current Pulse Generator 
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Figure 9-13 Waveform for Circuit of Figure 9-12 



The output waveform is shown in Figure 9-13. 

Pulse Amplitude, Duration and Maximum Repetition Rate: The maximum at- 
tainable pulse amplitude is determined by parameters V B and Va M of transistor 
Tj. If the desired pulse current is of such a magnitude that the increase of Va M 
due to bulk resistance and decrease of a at high current is significant, the high 
current behavior of V« M must be known to be able to predict the amplitude of the 
output pulse. The voltage and current amplitudes of the output pulse, denoted 
V P and I P , are: 

v P = v E1 -v« M1 ip = ir 

Neglecting the transition time of the output pulse and the rise time of the 
turn-off pulse, and assuming R L is small compared to R, the pulse duration is: 

T D = RCln \ 

V P " V B2 

It is seen that the pulse duration is independent of transistor parameters 
and can be controlled by varying R, C, V P , or V B2 . 

There are two interrelated constraints upon the maximum repetition rate 
at which the circuit can be operated. The first is a basic limitation imposed by 
the power dissipation capabilities of T 1; and the second is due to the problem 
of recharging capacitors Cj and C 2 . The rate at which these capacitors can be 
recharged is also limited by the power dissipation capabilities of Tj. The power 
dissipation rating of T x establishes an upper limit which the designer can attempt 
to approach by optimizing capacitor recovery time. 

During the recovery period, the charge removed from capacitors Cj and C 2 
by the output and turn-off pulses respectively must be replaced. For the specific 
circuit shown in Figure 9-12 with a 0.5 amp., 0.1/xsec output pulse the recovery 
time limits the maximum repetition rate to between 40 kc and 140 kc, depending 
on the amount of sacrifice in output pulse amplitude that can be tolerated. With- 
out regard to recovery time, the power dissipation limitation for the same circuit 
limits the maximum repetition rate to 215 kc. 
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Figure 9-14 Ultra-Fast-Rise Monostable Circuit 

A FAST-RISE MONOSTABLE CIRCUIT: When a resistance load is used to de- 
termine the peak pulse current, as is the case in the two previous circuits, a 
relatively long rise-time results because the multiplication factor M is less than 
2 during approximately 80 percent of the transient. Large values of M are neces- 
sary to produce a rapid transient, and the two-transistor configuration shown in 
Figure 9-14 is arranged so that during transient periods there is always one 
transistor operating with high M. The principal function of the transistors is to 
act as high-speed switches, switching a fixed current between two load resistors 
R L1 and R L2 . 

Circuit Operation: Supply voltage V and resistors R B1 , R 2 , R B2 and R E are 
all large, thus maintaining constant base currents to T 1 and T 2 and a constant 
current I E in resistor R E . For simplicity assume that T 1 and T 2 are identical, 
and that R L1 and R L2 are very small so that any voltage appearing across them 
is negligible. In the stable state, T x is conducting emitter current; the emitter 
and base of T 1 are at Va M volts above ground. The reverse base current provided 
to T 2 by R B2 causes the collector junction of T 2 to be reverse biased to approxi- 
mately its breakdown voltage V B ; thus the base of T 2 is V B volts above ground. 
R x and R 2 are chosen so that the emitter of T 2 is a few tenths of a volt reverse 
biased. 

Assume that a trigger is now applied to the base Tj. The emitter voltage 
of Tj rises, and this transient is coupled to T 2 by C. If the trigger is larger than 
the few tenths of a volt of reverse bias on the emitter of T 2 , T 2 conducts emitter 
current. Since the collector of T 2 is operating near V B , the multiplication factor 
M is large and a rapid build-up of current in T 2 occurs. However, the current 
I E remains essentially constant in R E , and thus, as current begins to build up in 
T 2 it must begin to decrease in T x . The transient process proceeds very rapidly, 
and all of the current I E is switched from T 1 to T 2 . 

The transient process described above is sufficiently rapid that very little 
change in voltage occurs across C. As the current builds up in T 2 , the emitter- 
collector voltage of T 2 decreases, and the emitter of T 1 is now V« M volts above 
ground. The emitter of T : is thus reverse biased by (V B — V« M ) volts. As I E flows 
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through C into T 2 the voltage across C increases, and when the emitter voltage 
of Tx reaches V B , injection begins. The M of T x is large, and a regenerative build- 
up of current in Tj occurs. The current I E is switched from T 2 back to T x and 
the pulse ends. 

Circuit Analysis: The capacitor is charged by the constant current I E . The 
pulse time T D is the time for I E to change the voltage on C by (V B - Va M ) volts. 
Thus, by equating the charges 

T D I E = C(V B - Va M ) 
the pulse duration is given by: 

T D = (C/I B ) (V b -V«m) (9-18) 

Sketches of the waveforms at various points of interest are shown in Figure 

9-15, and a plot of the output waveform from a sampling oscilloscope is shown 
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Figure 9-15 Waveforms for the Ultra-Fast Monostable Circuit 
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Figure 9-16 Waveforms for the Ultra-Fast Monostable Circuit 

in Figure 9-16. Pulses having rise-times of InS, fall-times of 2 nS and durations 
of 12 nS to several microseconds have been obtained. A circuit designed to pro- 
duce 12 nS pulses has been operated satisfactorily at a repetition rate of 20 Mc. 
There are two principal requirements which must be fulfilled in the design 
of the circuit: 

(1) In the stable operating condition, all of the current I E flows in T,; the 
collector voltage of T 1 is Va M . To prevent the transistor dissipation (P D ) 
from being exceeded, it is necessary that 

Va M lB < Pd max- 

For the type 2N705 transistor, this means that the current I E is limited 
to a value less than 20mA. 

(2) For switching to occur as rapidly as possible, it is necessary that the 
load resistors be very small. This requirement can be expressed as 

I E R L « (V B - V«m) 
In some instances, excessive charge storage in T, causes a spike to appear 
on the leading edge of the positive pulse. This can be eliminated by inserting a 
small resistance in series with C. 
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and 

TRANSISTOR SELECTION 
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• Condensed Transistor Specifications 

• Characteristic Curves for Device Comparison 

• Complete Data Sheets: 

2N964A 

2N2256 thru 2N2259 

2N2501 

2N2217 thru 2N2222 
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.034 
"55!" 



CASE 21 

TO- 17 
PACKAGE 



CASE 22 

TO-18 
PACKAGE 



CASE 31 

TO-5 
PACKAGE 



SILICON EPITAXIAL PASSIVATED NPN 







MAXIMUM RATINGS 




ELECTRICAL CHARACTERISTICS @ 25°C 






Pd 
Ambient 








typ VcE(sit) 


@ lc 


h F E@ 


lc 


fr 
typ 






T.i 


Vcb 


Vfb 


(Ic/Ib = 


10) 






Type 


Case 


mW 


°C 


volts volts 


volts 


mA 


min/max 


mA 


mc 


2N706 


22 


300 


175 


75 


3 


0.2 


10 


20/— 


10 


400 


2N70BA 


22 


300 


1/5 


?5 


5 


0.2 


10 


20/60 


10 


400 


2N706B 


22 


300 


175 


25 


5 


0.2 


10 


20/60 


10 


400 


2N706M(JAN) 


22 


300 


175 


25 


5 


0.2 


10 


30/120 


10 


400 


2N708 


22 


360 


200 


40 


5 


0.2 


10 


30/120 


10 


450 


2N744 


22 


300 


200 


20 


5 


0.35{170°C) 10 


40/120 


10 


450 


2N753 


22 


300 


1/b 


n 


h 


0.18 


10 


40/120 


11) 


400 


2N834 


22 


300 


175 


40 


5 


0.15 


10 


25/— 


10 


500 


2N835 


22 


300 


175 


?S 


3 


0.18 


10 


20/— 


10 


450 


2N914 


22 


360 


200 


40 


5 


0.4 


200 


30/170 


10 


500 


2N2481 


22 


360 


200 


40 


5 


0.17 


10 


40/120 


10 


450 


2N2501 


22 


360 


200 


40 


6 


0.18 


10 


50/150 


10 


500 


2N697 


31 


600 


175 


60 


5 


0.3 


150 


40/120 


150 


300 


2N1420 


31 


600 


175 


60 


5 


0.3 


150 


100/300 


150 


300 


2N2217 


31 


800 


175 


60 


5 


0.2 


150 


20/60 


150 


400 


2N2218 


31 


800 


175 


60 


5 


0.2 


150 


40/120 


150 


400 


2N2219 


31 


800 


175 


60 


5 


0.2 


150 


100/300 


150 


400 


2N2220 


22 


500 


175 


60 


5 


0.2 


150 


20/60 


150 


400 


2N2221 


22 


500 


175 


60 


5 


0.2 


150 


40/120 


150 


400 


2N2222 


22 


500 


175 


60 


5 


0.2 


150 


100/300 


150 


400 


2N2537 


31 


800 


200 


60 


5 


0.35 


150 


50/150 


150 


400 


2N2538 


31 


800 


200 


60 


5 


0.35 


150 


100/300 


150 


400 


2N2539 


22 


500 


200 


60 


5 


0.35 


150 


50/150 


150 


400 


2N2S40 


22 


500 


200 


60 


5 


0.35 

Veci..»i & V„ 
mV mV 


150 

ff @ Ib 

lik 


100/300 


150 


400 


2N2330 


31 


800 


175 


30 


5 


1.0 0.3 


200 


50/— 


10 


200 


2N2331 


22 


500 


175 


30 


5 


1.0 0.3 


200 


50/— 


10 


200 
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SILICON EPITAXIAL "BAND-GUARD" PNP 







MAXIMUM RATINGS 




ELECTRICAL CHARACTERISTICS @ 25°C 














typ Vcemi 


@ lc 


hFE @ 


lc 


fr 






Pd 

Ambient 

mW 


Tj 


VcB 


Veb 


(Ic/Ib = 


10) 






Type 


Case 


°C 


volts 


volts 


volts 


mA 


min/max 


mA 


mm 
mc 


2N722 


22 


400 


175 


50 


5 


1.5 


150 


30/90 


150 


60 


2N1132 


31 


600 


175 


50 


5 


1.5 


150 


30/90 


150 


60 


2N1132A 


31 


600 


175 


60 


5 


1.5 


150 


30/90 


150 


60 


2N1132B 


31 


600 


175 


70 


6 


1.5 


150 


30/90 


150 


60 


2N2B00 


31 


800 


200 


50 


5 


r 


1 


30/90 


150 


120 


2N2B01 


31 


800 


200 


50 


5 I 


1.2 max 


500 


. 75/225 


150 


120 


2N2837 


22 


500 


200 


50 


5 1 


0.4 max 


150 


f 30/90 


150 


120 


2N2838 


22 


500 


200 


50 


5 


. 


) 


75/225 


150 


120 


2N2904 


31 


600 


200 


60 


5 






40/120 


150 


200 


2N2904A 


31 


600 


200 


60 


5 






40/120 


150 


200 


2N2905 


31 


600 


200 


60 


5 






100/300 


150 


200 


2N2905A 


31 


600 


200 


60 


5 


0.4 max 


150 


100/300 


150 


200 


2N2906 


22 


400 


200 


60 


5 


1.6 max 


500 


40/120 


150 


200 


2N2906A 


22 


400 


200 


60 


5 






40/120 


150 


200 


2N2907 


22 


400 


200 


60 


5 






100/300 


150 


200 


2N2907A 


22 


400 


200 


60 


5 






100/300 


150 


200 


COMPLEMENTARY MESA SWITCHING 




Vt @ 


c 


typ 




typ 


volts 


/ik 


2N2256 Si 


22 


300 


175 


7 


1 


0.5 


200 


30 


10 


320 


2N22S7 Si 


22 


300 


175 


7 


1 


0.5 


200 


50 


10 


320 


2N2258 Ge 


22 


150 


100 


7 


1 


0.1 


200 


30 


10 


320 


2N2259 Ge 


22 


150 


100 


7 


1 


0.1 

typ VcEii.ti 


200 
@ lc 


50 


10 


320 


GERMANIUM MESA PNP 








(Ic/Ib = 


10) 








volts 


mA 


2N695 


21 


75 


100 


15 


3.5 


0.18 


10 


40 


10 


250 


2N705 


22 


150 


100 


15 


3.5 


0.18 


10 


40 


10 


325 


2N705 USN 


22 


150 


100 


15 


3.5 


0.18 


10 


40 


10 


325 


2N710 


22 


150 


100 


15 


2.0 


0.2 


10 


40 


10 


325 


2N711 


22 


150 


100 


12 


1.0 


0.2 


10 


30 


10 


300 


2N711A 


22 


150 


100 


15 


1.5 


0.2 


10 


40 


10 


320 


2N711B 


22 


150 


100 


18 


2.0 


0.18 


10 


50 


10 


320 


2N827 


22 


150 


100 


20 


4.0 


0.16 


10* 


150 


10 


350 


2NB28f 


22 


150 


100 


15 


2.5 


0.12 


10 


40 


10 


400 


2N828A1 


22 


150 


100 


15 


2.5 


0.35 


150 


40 


10 


400 


2N829t 


22 


150 


100 


15 


2.5 


0.38 


150 


80 


10 


400 


2N838t 


22 


150 


100 


30 


2.5 


0.1 


10* 


70 


10 


450 


2N960t 


22 


150 


100 


15 


2.5 


0.13 


10 


40 


10 


460 


2N961t 


22 


150 


100 


12 


2.0 


0.13 


10 


40 


10 


460 


2N962t 


22 


150 


100 


12 


1.25 


0.13 


10 


40 


10 


460 


2N963f 


22 


150 


100 


12 


2.0 


0.13 


10 


40 


10 


460 


2N964f 


22 


150 


100 


15 


2.5 


0.11 


10 


70 


10 


460 


2N964Af 


22 


150 


100 


15 


2.5 


0.1 


10 


80 


10 


460 


2N965t 


22 


150 


100 


12 


2.0 


0.11 


10 


70 


10 


460 


2N966t 


22 


150 


100 


12 


1.25 


0.11 


10 


70 


10 


460 


2N967t 


22 


150 


100 


12 


2.0 


0.11 


10 


70 


10 


460 


2N968 


22 


150 


100 


15 


2.5 


0.19 


10 


35 


10 


320 


2N969 


22 


150 


100 


12 


2.0 


0.19 


10 


35 


10 


320 


2N970 


22 


150 


100 


12 


1.25 


0.19 


10 


35 


10 


320 


2N971 


22 


150 


100 


7 


1.25 


0.19 


10 


35 


10 


320 


2N972 


22 


150 


100 


15 


2.5 


0.19 


10 


75 


10 


320 


2N973 


22 


150 


100 


12 


2.0 


0.19 


10 


75 


10 


320 


2N974 


22 


150 


100 


12 


1.25 


0.19 


10 


75 


10 


320 


2N975 


22 


150 


100 


7 


1.25 


0.19 


10 


75 


10 


320 


2N1204t 


31 


250 


100 


20 


4.0 


0.25 


200 


30 


400 


400 


2N1494f 


25** 


300 


100 


20 


4.0 


0.24 


200 


30 


400 


400 


2N1495t 


31 


250 


100 


40 


4.0 


0.24 


200 


40 


200 


400 


2N1496t 


25** 


300 


100 


40 


4.0 


0.24 


200 


40 


200 


400 


2N238H 


31 


300 


100 


30 


4.0 


0.25 


200 


45 


200 


400 


2N2382t 


31 


300 


100 


45 


4.0 


0.25 


200 


45 


200 


400 


2N2635t 


22 


150 


100 


30 


2.5 


0.20 


50* 


100 


50 


300 


2N2955t 


22 


150 


100 


40 


3.5 


0.20 


50 


43 


50 


350 


2N2956t 


22 


150 


100 


40 


3.5 


0.16 


50 


76 


50 


375 


2N2957f 


22 


150 


100 


40 


3.5 


0.13 


50 


130 


50 


400 



*Stud Mounted TO-5 



1^ = 20 
Ib 

tEpitaxial 
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These curves illustrate the characteristic variations 
of device parameters due to process and geometry. 
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CURRENT GAIN - BANDWIDTH VARIATIONS 
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CAPACITANCE VARIATIONS 





































c 


b 






















NPN BOX 

PNP STAR 
















'•> 








[«s 








SILICON 




















"s 






































s 
















r 


lb 
























































.. c 


































„ C 




















*>* 


N. 












\°6 






















•" 


- N 


s 































-■ 























0.2 0,3 0.5 1.0 2 3 5 

REVERSE BIAS (VOLTS) 



20 30 40 



CAPACITANCE VARIATIONS 



9 


~~-^ 






1 














i i i 

EPITAXIAL 
















C ,,l 












NON -EPITAXIAL 


7 

6 

„ 5 

m 4 






"* 


















1 = I 


mc 




















^ 


>», 




^ 




















~"». 


^ 




^ 

^ 


































*-. 


^ 


v 










-%. 


** **. 


-« 


- 


^ 








•z, 

g 

y 3 
















r 


ot 


N 
N 
S 


















< * 

< 
o 

2 














c 


ib 










































5ER 


Ml 


N 


IU 


M 







0.1 0.2 0.3 0.4 0.5 0.8 1.0 2 3 4 5 6 7 8 9 10 

REVERSE BIAS VOLTAGE (VOLTS) 



310 



Specifications and Transistor Selection Information 



DESIGNERS DATA FOR "WORST CASE" CONDITIONS 

The Designers Data Sheet represents a new concept in transistor data sheets per- 
mitting the design engineer, in most cases, to design circuits entirely from informa- 
tion presented on the data sheets. In order to do this, the usual typical curves, 
which provided some guidance to the engineer, have been supplemented by limit 
curves which are directly applicable to "worst case" switching circuit design. 
Using the limit curves and relationships indicated by the equations given in the 
data sheet, the engineer can design switching circuits that are adequate for "worst 
case" component tolerances and environmental conditions. 

MOTOROLA EPITAXIAL MESA SWITCHING TRANSISTOR 

Germanium PNP Diffused Junction 
2N964A 

for ULTRA-HIGH-SPEED SWITCHING APPLICATIONS 



• Low Total Control Charge — 75 Pico-coulombs Maximum @ l E 

• High fr — 300 mc Minimum, 460 mc Typical 

• High Current Gain — 40 Minimum From 10 to 100 mA 



= 1mA 



ABSOLUTE MAXIMUM RATINGS 



Characteristic 


Symbol 


Rating 


Unit 


Collector-Base Voltage 


V C B 


15 


Vdc 


Collector-Emitter Voltage 


V C E 


15 


Vdc 


Emitter-Base Voltage 


V E B 


2.5 


Vdc 


Collector Current 


lc 


100 


mAdc 


Junction Temperature 


L 


100 


°C 


Storage Temperature 


T s tq 


-65 to + 100 


°C 


Total Device Dissipation at 25°C 
Case Temperature 
(Derate 4 mW/°C above 25°C) 


Pd 


300 


mW 


Total Device Dissipation at 25°C Ambient 
Temperature (Derate 2 mW/°C above 25°C) 


Pd 


150 


mW 



THERMAL RESISTANCE: JA (air) = 0.5°C/mW 

f?. JC (case) = 0.25 °C/mW 

THERMAL TIME CONSTANT: T JC = 1 msec 
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2N964A LIMIT CURVES 



FIGURE 3-AREA OF PERMISSIBLE LOAD LOCI 
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9 -ACTIVE REGION TIME CONSTANT 
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FIGURE 11- JUNCTION CAPACITANCE VARIATIONS 
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MOTOROLA MESA COMPLEMENTARY SWITCHING TRANSISTORS 

Silicon NPN 
2N2256, 2N2257 
Germanium PNP 
2N2258, 22N259 

for ULTRA HIGH SPEED NON-SATURATED SWITCHING 

• Extremely Fast t„„ — 3 nsec Typical 

• Extremely Fast toff — 4 nsec Typical 

• High fV — 250 mc Minimum 



ABSOLUTE MAXIMUM RATINGS 



Characteristic 




Symbol 


2N2256 
2N2257 


2N2258 
2N2259 


Unit 


Collector-Base Voltage 




V C B 


7 


7 


Vdc 


Collector-Emitter Voltage 




V C E 


7 


7 


Vdc 


Emitter-Base Voltage 




Veb 


1 


1 


Vdc 


DC Collector Current 




lc 


100 


100 


mAdc 


Storage Temperature 




T S tg 


-65 to + 175 


—65 to + 100 


°C 


Junction Temperature 




L 


+ 175 


+ 100 


°C 


Device Dissipation at 25° 
Derating factor above 25 


CCase 
3 C 


Pd 


1000 
6.67 


300 
4 


mW 
mW/°C 


Device Dissipation at 25° 
Derating factor above 25 


C Ambient 
3 C 


Pd 


300 
2 


150 
2 


mW 

mW/°C 



TRANSISTOR SELECTION CHART 



TYPE 




TYPE 




h FE @ l c = 25 mA 


NPN 




PNP 


20 40 


2N2256 


X 






X 


2N2257 


X 






X 


2N2258 






X 


X 


2N2259 






X 


X 
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TABLE 1 - ELECTRICAL CHARACTERISTICS 










(At 25°C unless otherwise noted 


— All voltages and currents are magnitudes only) 


Characteristic 


Symbol 


Minimum 


Typical 


Maximum 


Unit 


Collector-Base Breakdown Voltage 


BV CB0 










l c = lOOMdc l E = 












ALL TYPES 




7 


15 


— 


Vdc 


Collector-Emitter Breakdown Voltage 


BV CE5 










l c = lOOMdc V EB = 












ALL TYPES 




7 


15 


— 


Vdc 


Emitter-Base Breakdown Voltage 


BV EBO 










l E = lOOWWc lc = 












ALL TYPES 




1 


— 


— 


Vdc 


Collector Cutoff Current 


'CBO 










V CB = 6Vdc l E = 












ALL TYPES 




— 


3 


10 


/iAdc 


Collector Cutoff Current 


'ceo 










V CB = 6Vdc l E = T A = 65°C 












ALL TYPES 




— 


30 


100 


Mdc 


DC Forward Current Transfer Ratio 


h FE 










l c = lOmAdc V CE = 1 Vdc 












2N2256, 2N2258 




17 


30 


— 




2N2257, 2N2259 




40 


50 


— 




l c - 25mAdc V CE = 1 Vdc 












2N2256, 2N2258 




20 


35 


— 




2N2257, 2N2259 




40 


55 


— 




Base-Emitter Voltage 


v BE 










l c = lOmAdc V CE = 1 Vdc 












2N2256, 2N2257 







0.70 


0.8 


Vdc 


2N2258, 2N2259 




— 


0.35 


0.5 


Vdc 


l c = 25mAdc V CE = 1 Vdc 












2N2256, 2N2257 




— 


0.8 


0.9 


Vdc 


2N2258, 2N2259 




— 


0.45 


0.6 


Vdc 


Conduction Threshold Base-Emitter Voltage* 


V T 










lc = 200M V CE = 6V 












2N2256, 2N2257 




0.5 





— 


Vdc 


2N2258, 2N2259 




0.1 


— 


— 




Collector Output Capacitance 


c„ b 










V CB = 5Vdc l E = f = 4mc 












2N2256, 2N2257 




— 


4 


5 


Pf 


2N2258, 2N2259 




— 


4 


8 


Pf 


Current-Gain — Bandwidth Product 


It 










V CE = 1 V, l c = 10 mA . 












2N2256, 2N2257 (Si) 












V CE = 15 V, l c = 10 mA L 
2N2258, 2N2259 (Ge) j 




250 


320 


— 


mc 


Turn-on Time 


ton 










2N2256, 2N2257 — See Fig. 1 




— 


3 


7 


nsec 


2N2258, 2N2259 — See Fig. 2 




— 


4 


8 




Turn-off Time 


to,, 










2N2256, 2N2257 — See Fig. 1 




— 


4 


7 


nsec 


2N2258, 2IM2259 — See Fig. 2 




— 


3 


7 




Base Resistance 


r'b 










V CB = 2V l E = 5mA f = 300mc 












2N2256, 2N2257 




— 


50 


100 


ohms 


2N2258, 2N2259 




— 


75 


125 





•Base to emitter forward bias voltage at which transistor will be at the threshold of conduction; 
i.e. that base to emitter voltage at which the collector current is less than or equal to the specified 
amount under a given collector to emitter voltage condition. 
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t„ t, < 1 NSEC 
Rs = 50n 



3-1 50n 

RESISTORS 

IN A "Y" 

CONFIGURATION 



o +3V 
1 



looni: 



-r V 

OSCILLOSCOPE 
I c , k (t r < 0.7 NSEC) 

GROUND \ W r o 

PLANES 






:50n 



— w — r 

:!ik J 



GROUND 
PLANE 

1N916 



:;50fi 



-o-lV 



0.05 M f 



i 0.05^ 



-22V i -i 
FIGURE 1 - NPN SWITCHING TIME TEST CIRCUIT 



t„ t, < 1 NSEC 
R s = 50fi 



3-150SJ 
RESISTORS $.„„ 
INA-Y" * 50n 
CONFIGURATION 
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4= v 
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(t r < 0.7 NSEC) 
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-o + l V 



0.05^f 



X 



0.05 M f 



+22 V 4 
FIGURE 2 - PNP SWITCHING TIME TEST CIRCUIT 
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FIGURE 3 -CURRENT GAIN CHARACTERISTICS 
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FIGURE 4 -COMMON EMITTER DC INPUT CHARACTERISTICS 
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FIGURE 5 - COLLECTOR LEAKAGE CURRENT CHARACTERISTICS 



1000 



100 



£ 10 























— . —— — TYPICAL CURVE 




























S 
















































y ' 


















s 














,/ 




y 


















y 


















/ 


y 
















* 
y 


s- 
















s 




















^ 


















^ 


















■ 


y 



































15 25 35 45 55 65 

Tj, JUNCTION TEMPERATURE (°C) 



75 



85 95 



FIGURE 6 -GAIN-BANDWIDTH PRODUCT CHARACTERISTICS 
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FIGURE 7 - VARIATION OF COLLECTOR CAPACITANCE 
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FIGURE 8 -GENERAL EQUIVALENT CIRCUIT 
(High Frequency, Small Signal) 




Approximate values may be obtained or calculated from data as follows: 



PARAMETER 


OBTAINED 


PARAMETER 


OBTAINED 


r' b 


Table 1 


gm 


I.T. 


K 


2 h Fi (approx) 


C,c 


Fig. 7 


h f! 


Fig. 3 


C. + C IC 


1 


2^-f-rr. 


r. 


-*H^ 'Khv) 


fr 


Fig. 6 
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MOTOROLA EPITAXIAL SWITCHING TRANSISTOR 

Silicon NPN Diffused Junction 

2N2501 

for LOW-LEVEL LOGIC SWITCHING APPLICATIONS 

• Low Total Control Charge 

Qt = 60 pico-coulombs max @ l c = 10mA, Ib = 1mA 

• Guaranteed Active Region Time Constant 

ta = 2.5 nsec maximum @ l c = 10 mAdc 

• Beta (Hife) specified for a Wide Current Range from 100,a A to 500 mA 

Iife = 50 min @ 10 mA 

ABSOLUTE MAXIMUM RATINGS 



Characteristic 


Symbol 


Rating 


Unit 


Collector-Base Voltage 


VcBO 


40 


Vdc 


Collector-Emitter Voltage 


VcEO 


20 


Vdc 


Emitter-Base Voltage 


v EBO 


6 


Vdc 


Total Device Dissipation @ 
25°C Ambient Temperature 
(Derate 2.06 mW/°C above 25°C) 


Pd 


0.36 


Watts 


Total Device Dissipation @ 
25°C Case Temperature 
(Derate 6.9 mW/°C above 25°C) 


Po 


1.2 


Watts 


Junction Temperature 


Tj 


+ 200 


°C 


Storage Temperature 


T stg 


-65 to + 300 


°C 



SWITCHING CHARACTERISTICS 



Characteristic 


Conditions 


Symbol 


Maximum 


Unit 


Charge-Storage 
Time Constant (Fig. 1) 


l c = 10 mAdc 
| BI = | B2 = 10 mAdc 


TS 


15 


nsec 


Total Control Charge 
(Figure 6) 


l c = 10 mAdc 
Bl = 1 mAdc 


Qt 


60 


pico- 
coulombs 


Active Region 

Time Constant (Fig. 3) 


l c = 10 mAdc 


Ta 


2.5 


nsec 
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ELECTRICAL CHARACTERISTICS (At 25°C unless otherwise stated) 



Characteristic 


Figure No. 


Symbol 


Minimum 


Maximum 


Unit 


Collector-Base Breakdown Voltage 




BVceo 






Vdc 


(l c = lOMdc, l E = 0) 






40 


— 




Collector-Emitter Breakdown Voltage 




BV CEO 






Vdc 


(l c = 30 mAdc, 1, = 0, Pulsed) 






20 


— 




Emitter-Base Breakdown Voltage 




BV EBO 






Vdc 


(l E = 10 Mdc, l c - 0) 






6 


— 




Collector Leakage Current 




'CEX 






nAdc 


(V CE = 20 Vdc, V BE = -3 Vdc) 






— 


25 




Base Leakage Current 


10 


Ibl 








(V CE = 20 Vdc, V BE - -3 Vdc) 






— 


25 


nAdc 


(V CE = 20 Vdc, V BE = -3 Vdc, T A = 150°C) 






— 


10 


Mdc 


DC Forward Current Transfer Ratio* 


2 


h FE 






— 


(l c = 100 Mdc, V CE = 1 Vdc) 






20 


— 




(l c = 1 mAdc, V CE = 1 Vdc) 






30 


• — 




(l c = 10 mAdc, V CE = 1 Vdc) 






50 


150 




(l c = 10 mAdc, V CE = 1 Vdc, T A = -55°C) 






20 


— 




(l c = 50 mAdc, V CE = 1 Vdc) 






40 


— 




(l c = 100 mAdc, V CE = 1 Vdc) 






30 


— 




(l c = 500 mAdc, V CE = 5 Vdc) 






10 


— 




Collector-Emitter Saturation Voltage* 


7 


VcE, S a„ 






Vdc 


(l c = 10 mAdc, 1, = 1 mAdc) 






— 


0.2 




(l c = 50 mAdc, l B = 5 mAdc) 






— 


0.3 




(l c = 100 mAdc, l B = 10 mAdc) 






— 


0.4 




Base-Emitter Saturation Voltage* 


8 


V«E(ut) 






Vdc 


(l c — 10 mAdc, l B = 1 mAdc) 






— 


0.85 




(l c = 50 mAdc, 1, = 5 mAdc) 






— 


1.0 




l c = 100 mAdc, l„ = 10 mAdc) 






— 


1.2 




Output Capacitance 




c ob 






Pf 


(V CB = 10 Vdc, l E - 0, f = 100 kc) 






— 


4 




Input Capacitance 




c ib 






pf 


(V EB = 0.5 Vdc, l c = 0, f = 100 kc) 






— 


7 




Small Signal Forward Current Transfer Ratio 




h,. 






— 


(V CE = 20 Vdc, l c = 10 mAdc, f = 100 mc) 






3.5 


— 




Current-Gain-Bandwith Product 




fr 






mc 


(V CE = 20 Vdc, l c = 10 mAdc) 






350 


— 




Charge Storage Time Constant 


1 


T s 






nsec 


dc = l» = l» = 10 mAdc) 






— 


15 




Total Control Charge 


6 


Qt 






pico- 


(l c = 10 mAdc, 1, = 1 mAdc) 






— 


60 


coulombs 


Active Region Time Constant 


3 


T A 






nsec 


(l c = 10 mAdc) 






— 


2.5 





♦Pulse Test: Pulse width g 300 /isec, duty cycle g 2% 
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FIGURE 1 - CHARGE STORAGE TIME CONSTANT 
TEST CIRCUIT 
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FIGURE 2 - NORMALIZED CURRENT GAIN 
CHARACTERISTICS 
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FIGURE 3 - ACTIVE REGION TIME CONSTANT AND TEST CIRCUIT 
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FIGURE 6 - TOTAL CONTROL CHARGE AND TEST CIRCUIT 
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FIGURE 7 - COLLECTOR-EMITTER SATURATION VOLTAGES 
versus BASE CURRENT 
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FIGURE 8 - BASE-EMITTER VOLTAGE 
versus COLLECTOR CURRENT 
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FIGURE 9 -TEMPERATURE CO-EFFICIENTS 
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FIGURE 10 - COMMON EMITTER DC 
LEAKAGE CHARACTERISTICS AND TEST CIRCUIT 
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MOTOROLA EPITAXIAL STAR TRANSISTORS 



Silicon NPN Double Diffused 
2N2217 thru 2N2222 



Optimized geometry for HIGH-SPEED SWITCHING 
CIRCUITS and DC to UHF AMPLIFIER APPLICATIONS 



ABSOLUTE MAXIMUM RATINGS 



Characteristic 


Symbol 


2N2217-19 
(TO-5) 


2N2220-22 
(TO-18) 


Unit 


Collector-Base Voltage 


VcBO 


60 


60 


Vdc 


Collector-Emitter Voltage 


VcEO 


30 


30 


Vdc 


Emitter-Base Voltage 


V EBO 


5 


5 


Vdc 


Total Device Dissipation at 
25°C Case Temperature 
Derating Factor above 25°C 


Pd 


3 

20 


1.8 
12 


Watts 
mW/°C 


Total Device Dissipation at 

25°C Ambient Temperature 
Derating Factor Above 25°C 


Pd 


0.8 
5.33 


0.5 
3.33 


Watts 
mW/°C 


Junction Temperature 


L 


—65 to -(- 175 


°C 


Storage Temperature 


T.„ 


-65 to + 300 


°C 



ELECTRICAL CHARACTERISTICS (At 25°C unless otherwise noted) 



Characteristic 


Symbol 


Min. 


Typ. 


Max. 


Unit 


Collector Cutoff Current 
(V c , =50 Vdc, l E = 0) 


'CBO 





.001 


.01 


,uAdc 


Collector Cutoff Current 
(V CB = 50 Vdc, T A = 150°C) 


'cBO 


— 


— 


10 


,tiAdc 


Collector-Base Breakdown Voltage 
(l c = lOMdc, l E = 0) 


BV ceo 


60 


90 


— 


Vdc 


Collector-Emitter Breakdown Voltage 
(l c = 10 mAdc, 1, = 0) 


BVceo 


30 


45 


— 


Vdc 
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ELECTRICAL CHARACTERISTICS (At 25°C unless otherwise stated) 



Characteristic 




Symbol 


Mir 


Typ 


Max 


Unit 


Emitter-Base Breakdown Voltage 




BV Ei ,o 








Vdc 


(l E = 10 mMc, l c = 0) 






5 


— 


— 




Collector Saturation Voltage 




VcE(iat)* 










(l c = 150 mAdc, 1, = 15 mAdc) 


All Types 




— 


0.24 


0.4 


Vdc 


(l c = 500 mAdc, l B = 50 mAdc) 


2N2218, 2N2219 














2N2221, 2N2222 




— 


0.8 


1.6 


Vdc 


Base-Emitter Saturation Voltage 




VBE(sal)* 










(l c = 150 mAdc, 1, = 15 mAdc) 


All Types 




— 


1.0 


1.3 


Vdc 


(l c = 500 mAdc, l B = 50 mAdc) 


2N2218, 2N2219 














2N2221, 2N2222 




— 


1.5 


2.6 


Vdc 


DC Forward Current Transfer Ratio 




h FE 










(l c = 0.1 mAdc, V CE = 10 Vdc) 
















2N2218, 2N2221 




20 


— 


— 


— 




2N2219, 2N2222 




35 


— 


— 


— 


(l c = 1.0 mAdc, V CE = 10 Vdc) 
















2N2217, 2N2220 




12 


— 


— 


— 




2N2218, 2N2221 




25 


— 


— 


— 




2N2219, 2N2222 




50 


— 


— 


— 


(l c = lOmAdc, V CE = 10 Vdc) 
















2N2217, 2N2220 




17 


— 


— 


— 




2N2218, 2N2221 




35 


— 


— 


— 




2N2219, 2N2222 




75 


— 


— 


— 


(l c = 150 mAdc, V CE = 10 Vdc)* 
















2N2217, 2N2220 




20 


— 


60 


— 




2N2218, 2N2221 




40 


— 


120 


— 




2N2219, 2N2222 




100 


— 


300 


— 


(lc = 500 mAdc, V CE = 10 Vdc) * 
















2N2218, 2N2221 




20 


— 


— 


— 




2N2219, 2N2222 




30 


— 


— 


— 


Output Capacitance 




c ob 








Pf 


V CB = 10 Vdc, l E = 0, f = 100KC 




— 


4 


8 




Input Capacitance 




C ib 








Pf 


V EB = 0.5 Vdc, l c = 0,f = 100KC 




— 


20 


— 




Small Signal Forward Current Transfer Ratio 


h„ 











(V CE = 20 Vdc, l c = mAdc, f = 


lOOmc) 




2.5 


4.0 


— 




Current Gain — Bandwidth Product 




fr 








mc 


(l c = 20 mAdc, V CE = 20 Vdc) 






250 


400 


— 




Turn-on Time 




ton 


— 


26 


— 


nsec 


Turn-off Time 




to,, 


^ 


68 


— 


nsec 


Total Switching Time 




ttotal 


— 


12 


— 


nsec 



* Pulse Test: 

Pulse width ^ 300 ^sec 
Duty Cycle ^ 2% 
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NORMALIZED CURRENT GAIN versus COLLECTOR CURRENT 
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OUTPUT CAPACITANCE versus COLLECTOR-BASE VOLTAGE 
and 
INPUT CAPACITANCE versus EMITTER-BASE VOLTAGE 
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BASE SATURATION VOLTAGE versus BASE CURRENT 
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COLLECTOR SATURATION VOLTAGE versus BASE CURRENT 
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COLLECTOR CHARACTERISTICS 
COMMON EMITTER CONFIGURATION 

Ta=25°C 
2N2217 and 2N2220 
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2N2218 and 2N2221 
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2N2219 and 2N2222 
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APPENDIX I 
THE EBERS & MOLL EQUATIONS 

Ebers and Moll found by analyzing carrier flow based upon the diffusion 
equations, that the voltage-current relationship for a transistor could be de- 
scribed as 



q0E 
kT 



lv=- 



*EO 



1 — 



(e 



a^ai 



-D + 






q0c 

kT 



(e 



-1) 



0) 



Ic = 



«nIeo 



q<ftr, 
kT 



-a^a% 



(e -1)_ 



Ir 



q0c 

kT 



1 



-a^cii 



(e 



1) 



(2) 



With the collector junction reverse biased <£ c is always negative which 
: 0, thus, the equations reduce to 



q^c 
makes e kT 



L 



If 



q^E 
kT 
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oxai 



(3) 



In = 



«nIe 



_q0E_ 
kT 



1 — 



(e — 1). 



1 co 



a^ai 



1 



-ax«l 



(4) 



It is convenient to have all currents and voltages expressed in terms of 
magnitudes only so the equations will apply to either NPN or PNP types with- 
out the necessity of making sign corrections. Thus for an NPN type, the actual 
currents which flow in the cutoff region (both junctions reverse biased) are 
indicated on Figure A, and the equations become 





Figure A — Sign Convention 
Used for Cut-off Condition 

lv.= 



Figure B — Sign Convention 
Used for On Condition 
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Ebers and Moll also derive the following useful equation 

«n!eo = <*iIco 



(5) 



(6) 



(7) 
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which can be used to simplify equations 5 and 6. 

Ieo (1 — «n) 



I* = 



1 



-«I«N 



IcoO — «l) 



1 



aN<*i 



(8) 



(9) 



Using equations 3 and 4, the various equations given in Chapter 3 can be 
developed. 

With both junctions forward biased, the direction of I E and I B have re- 
versed from that shown in Figure A. Figure B now applies. Solving the general 
equations for voltages in terms of the currents and changing the sign of I E : 



j. kT r n T 1 i *e —"ilc 1 

^ = ^ ln L 1+ ~lE7~J 

, kT i„fi i "nIe — Ic 1 



(10) 



(11) 



In the Ebers & Moll analysis, the transistor model is assumed to be a 
homogeneous base transistor. Although no restriction is placed upon transistor 
geometry, voltage gradients due to I R drops caused by the finite resistivity are 
neglected. In effect, this approximation restricts the geometry to devices having 
junctions that are parallel as found in alloy transistors. Hamilton 1 has shown 
that the graded base or drift transistor can be represented as a uniform base tran- 
sistor having a narrower base width for forward current than for inverse current, 
and that the Ebers and Moll equations apply. Thus, the Ebers and Moll equations 
apply in practice to most alloy types of transistors. The drop due to the resistivity 
of the bulk material can be accounted for by adding resistance terms as illustrated 
in Chapter 4. 

It is informative to consider the geometry effects in mesa type transistors 
which do not have plane parallel junctions, as illustrated in Figure C. 




REGION OF COLLECTOR 
FORWARD BIAS WITH 
HIGH Ic 



REGION OF COLLECTOR 
FORWARD BIAS WITH 
LOW I C 



Figure C — Mesa Transistor Geometry 

1. Hamilton, D. J., P. G. Griffith and D. C. Latham, "Avalanche Operation of Mesa Transistors," 
Engineering Research Laboratories, College of Engineering, University of Arizona, Tucson, Arizona. 
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When the base current is large, the drop across r' B can be considerable. 
Assume the collector current is low so that the drop across r c is negligible. 
In this case, holes emitted by the collector would be attracted to the base region 
around the base contact. The active region of the transistor under the emitter 
would not serve as a place for stored charge, therefore, the transistor proper 
would not be in saturation. This situation is depicted by the equivalent circuit 
of Figure D. The diode represents the part of the transistor which is in saturation. 
For this circuit, collector-emitter voltage can be written as 




o c 



Figure D — Mesa Transistor Equivalent Circuit 



V r 



V B e - V D . 



(12) 



Expressing V D by the ideal diode equation and neglecting bulk drops in the 
emitter and collector, equation 12 can be written as 

kT 



V r 



</>E -|- *B r 'B ■ 



In 



l ICD J 



(13) 



where <j> E is described by equation 4-10 since the transistor is not saturated. 
The diode current equals the excess base current I B1 — Ic^/3 an d ^e ma y be ex ~ 
pressed as (/? -\- 1) I B . Using these expressions and substituting equation 4-10 
into equation 13 

r Q3„+ 1) In CI -a iax) 
|_ Ied 

Using the identities « N I ED = a, I CD , assuming /3„ » 1 and fi F = I c /Ir. and 
simplifying 

Ir r' 



kT 

SV CE = — 1 



^>--(^^) <"' 



sv„ = il. 






(1 — aNai) 



"] 



+ 



(15) 



The differences between equation 15 and the Ebers and Moll voltage. <£ CE , 
are not readily apparent except for the addition of the l c r' B term. Neglecting this 

~17 
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term, the remainder of the equation can be plotted as a family of curves de- 
picting (j} CE for a mesa transistor, as shown in Figure E. It is seen that these 
curves resemble those plotted from the Ebers and Moll equations as shown in 
Figure 4-13. 



250 
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Figure E — Family of Curves Depicting <t>cE 
for a Mesa Transistor 



A comparison of the two <f> CB terms is shown in Figure F for the case where 
ai = 0.3, a typical value for a mesa transistor. Curves drawn for corresponding 
values of /}„ and /? F differ by only a few millivolts until /3 F becomes extremely 
small. Such small differences would never be seen in practice since bulk resis- 
tances normally would contribute toward a major portion of the measured SV CE , 
particularly when /? F is low. 

In a mesa type transistor, as I c is raised, the drop across r c would bias the 
area under the emitter more negative which would attract more injected collector 
carriers to this region. Saturation voltage in this case would be more nearly de- 
scribed by the Ebers - Moll equation. 

Therefore, it may be concluded that use of the Ebers - Moll equation plus 
the correction for device resistivity can be used to describe saturation behavior 
for any junction transistor. 
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Figure F — Comparison of *ce for Alloy 
and Mesa Transistors 
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